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Preface 


In 1967, a first international symposium on radionuclides in 
nephro-urology was held in Liège (Belgium). The purpose of 
this symposium was to bring together a group of people with 
a common interest in the application of radionuclides in 
nephro-urology. Internists, radiologists, urologists, physiolo- 
gists and others representing the basic and clinical sciences 
were brought together for intensive discussions. Since that 
time, similar meetings were organized by the International 
Scientific Committee of Radionuclides in Nephrourology 
(ISCORN) in New York (1971), Berlin (1974), Boston 
(1978), London (1981), Lausanne (1986), Williamsburg 
(1989), Chester (1992), Santa Fé (1995), Copenhagen 
(1998), Monterey (2001) and La Baule (2004). The final 
purpose of these meetings was the application of the radionu- 
clide techniques in clinical fields such as hypertension, renal 
transplantation, hydronephrosis and infection. At the same 
time, a huge amount of methodological studies had given rise 
to new developments in nuclear medicine. It has been the 
role of ISCORN to chair consensus conferences, which 
resulted in a better standardization of radionuclide methods 
in fields such as measurement of renal clearance, evaluation 
of renal transit and drainage, application of captopril renogra- 
phy to renovascular disease, cortical scintigraphy in urinary 
tract infection in children and management of renal trans- 
plants. 

The meeting, held in May 2004 in La Baule (France), was 
a kind of achievement. It was the feeling of the Committee 
that the time had come to bring together the different special- 
ities involved in the strategy of uro-nephrological diseases and 
to evaluate the potential place of various techniques in the 
management of patients. The basic structure of the sympo- 
sium was therefore centred on a series of clinical topics, all of 
them characterized by a significant number of controversial 
matters: determination of renal function in child and in adult, 
antenatally detected hydronephrosis, renal obstruction in 
adults, renovascular hypertension, renal infection in child- 
hood. Radiologists, nuclear medicine physicians, physiolo- 
gists, paediatric and adult nephrologists, paediatric and adult 
urologists, all eminent experts in their respective fields, devel- 
oped the state of the art and constituted then a large panel for 


long and well-structured discussions with the audience. The 
most up-to-date developments of the traditional methods 
were presented by the different speakers, while new 
techniques, such as functional and molecular imaging with 
MR, CT and PET appeared as promising approaches. What 
came out of these multidisciplinary sessions is remarkably 
similar for all topics, namely a critical appraisal of the tradi- 
tional strategies of management and a series of potential new 
directions which might, in the near future, significantly change 
the clinical management of the patient. 

It appeared therefore that the moment was well chosen 
to reassemble this huge amount of information within a book 
under the general title of ‘The Role of Functional Imaging in 
Nephro-urology’. The chapters correspond to the five clinical 
sessions and for each topic, the contributors provided a 
detailed and referenced overview of their expertise, 
completed by a rich iconography. 

This book, by its multidisciplinary approach, is a ‘première’ 
and will provide outstanding information to radiologists 
working on child and adult, to nuclear medicine physicians, to 
internists and paediatricians, to nephrologists and urologists 
specialized in child and adult. 

We want to express our sincere thanks for help to the 
other members of the ISCORN committee: Donald Blaufox 
(New York, USA), Keith Britton (London, UK), Eva Dubovsky 
(Birmingham, USA), Belkis Erbas (Ankara, Turkey), Jörgen 
Frokiaer (Aarhus, Denmark), Joseph V. Nally (Cleveland, 
USA), Patrick O'Reilly (Stockport, UK), Pilar Orellana 
(Santiago, Chile), Monica Rossleigh (Sydney, Australia), 
Michael Rutland (Auckland, New Zealand) and Andrew 
Taylor (Atlanta, USA). Thanks also to the experts of all special- 
ities who contributed by their outstanding presentations to the 
success of this multidisciplinary event. Their lectures were the 
starting materials for the different chapters of this book. All of 
this would not have been possible without the help of the 
organizing committee (Joseph Lecloirec, MD and Mrs Maité 
Lepelletier) who did a great job in making this conference one 
of the most exciting meetings ISCORN has ever experienced. 
Finally sincere thanks to Tyco France and Tyco USA whose 
role in sponsoring the meeting has been essential. 


Alain Prigent, Paris, France 
Amy Piepsz, Brussels, Belgium 
Editors 


Measurement of renal function in 
health and disease 


1 Introduction 


Alain Prigent 


Operational definition of renal 
function 


The level of the glomerular filtration rate (GFR) is generally 
accepted as the best overall index for the complex functions 
of the kidney in health and disease.' This agreement holds on 
to functional, pathological, clinical and prognostic arguments. 
The functional coupling between GFR and tubular function 
especially relies upon the ‘positive! glomerulotubular balance 
and the ‘negative’ tubuloglomerular feed-back, which ensure 
an integrative regulation of the whole nephron function. 
Similarly, the GFR decrease correlates with the extent of 
tubulointerstitial fibrosis and/or tubular atrophy in chronic 
renal diseases.” GFR being reduced prior to the onset of 
symptoms of renal failure, its assessment enables earlier 
diagnosis and therapeutic interventions in patients at risk. 
Thus the level of GFR is a strong predictor of the time of 
onset of kidney failure as well as the risk of complications 
of chronic kidney disease.' Many techniques, using either 
chemical or radiopharmaceuticals, exist providing either 
estimates or true measurements of the global GFR. 

In case of asymmetrical renal disease the determination of 
the individual renal function requires a global GFR measure- 
ment to be combined with the assessment of the split renal 
function (e.g., expressed in percentages of the global 
function) by a noninvasive imaging modality. Although renal 
scintigraphy is presently the most often used because of its 
widespread availability, low cost (compared to the alternative 
modalities of computed tomography and magnetic resonance 
imaging), and absence of side effects from the tracers,’ new 
applications of computed tomography (e.g., multidetector 
CT, electron beam computerized tomography) and magnetic 
resonance imaging appear promising (see Chapters 15 and 
17). 

The clearances of some tubularly secreted organic anions, 
such as p-aminohippuric acid (PAH), "'l- or '*l-ortho- 
iodohippurate (OIH), or even ”°™Tc-mercaptoacetyltriglycine 
(MAG 3), are referred to as the effective renal plasma flow 
(ERPF). GFR is related to ERPF by the expression: 


GFR = ERPF.FF/EF,, 


where EF, is the extraction fraction of the used organic anion 
(EF,, = ERPF/RPF, RPF being renal plasma flow), and FF the 
filtration fraction (FF = GFR/RPF, about 0.20 in normal 


humans). However, as FF changes occur in certain clinical 
circumstances (e.g., proteinuric glomerulopathy, ischaemia, 
postischaemic injury after transplantation, renovascular 
hypertension, acute urinary obstruction, ...), RPF changes do 
not always parallel GFR changes. Moreover, EF,, varies 
dramatically and unpredictably in numerous conditions, 
especially in chronic renal diseases. As an example, the 
extraction fraction of PAH, considered as the gold standard 
molecule for ERPF measurement, is 0.92 + 0.03 
(mean + SE) in normal volunteers* but may decrease to an 
average of 0.80 in benign essential hypertension,’ 0.75 in 
patients treated with cyclosporin,* 0.70 in proteinuric 
glomerulopathies,° or to 0.20 in ischaemic acute renal failure 
and to 0.10 in the recovery period.’ Moreover, in all these 
cases the standard deviation of the mean EF, is about 0.10 to 
0.15, indicating a wide range of variation between individual 
data. In renovascular disease, where the renal function is 
asymmetrical, EF,, of PAH is about 0.55 and 0.75 in the 
stenotic and contralateral kidney, respectively, and decreases 
further to 0.35 and 0.65, respectively, after administration of 
captopril. Even with the most sophisticated curve-fitting 
procedures most methods are too imprecise for accurate 
prediction of EF, in a given individual.* 


Renal function in health 


Notwithstanding the great variability of GFR even in healthy 
individuals due to many physiological factors (e.g., body size, 
gender, age, salt and dietary protein intakes, diurnal varia- 
tions), normal ranges of GFR have been reported. This 
variability can be reduced by taking into account body surface 
area (‘normalization' to 1.73 m*). When using the ‘classical’ 
gold standard of inulin clearance,’ the mean values of GFR in 
young adults are 127 ml/min/l.73 m? in men and 
118 ml/min/|.73 m? in females with a standard deviation of 
approximately 20 ml/min/|.73 më, while when using °*'Cr 
EDTA (ethylenediaminetetraacetic acid) plasma clearance, "° 
the normal mean (+SD) GFR is 105 (+25) ml/min/|.73 m? 
(no gender difference after correction for BSA). With regards 
to transversal studies, '°'’ GFR linearly decreases by approxi- 
mately |.0 ml/min/|.73 m? per year with large interindividual 
variation even among ‘healthy’ individuals. Indeed, regarding 
longitudinal studies, '* one-third of the healthy elderly subjects 
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has no absolute change, another third has a progressive but 
small decline, and in the last third of elderly GFR declines to 
50-70% of the maximum GFR value. In one-month aged 
neonates,'*'® the mean GFR is about half the adult value 
(55 ml/min/|.73 mô) and increases progressively until 18 
months—2 years. Between 2 and |7 years of age, expressed 
as ml/min/|.73 m2, the GFR remains constant, with a mean 
value of 114 ml/min/|.73 m* (SD: 24 ml/min/ 1.73 m’), 
similar to the value in adults. 

In normal individuals, the reactive increase in GFR 
(120-140% of the baseline value) within the 2 hours follow- 
ing an oral protein load (e.g., 300-500 g of cooked beef) is 
defined as ‘functional renal reserve'.'’ Subsequently, similar 
increases in GFR were reported!® with either gluconeogenic 
amino acids (50-75g within 3 hours) or dopamine 
(1.5-2 ug/kg/min for 2 hours) infusion. Although it was initially 
thought that this ‘reserve’ was lost in the presence of early 
renal impairment (i.e., not diagnosed by plasma creatinine 
test), these findings were not confirmed in many later series. 
Expressed as a percentage of baseline GFR value, the 
‘functional reserve’ does not decrease in kidney diseases (see 
reference |9). Apart from this diurnal variation due to meal 
intake, there is a circadian rhythm of GFR” with a maximum 
around | pm, a minimum around | am, and a relative ampli- 
tude ([max — min]/mean) of about 30% for inulin clearance 
and 20% for creatinine clearance. The nutritional status also 
affects GFR,*! especially dietary intakes of proteins, calories 
(whatever the nutriments), and sodium (an important deter- 
minant of extracellular fluid volume, ECFV). For an example, 
GFR increases to about 140% of its baseline value during 
pregnancy in relation to an increase in ECFV. 

At the borderline between health and disease, the 
compensatory hyperfunction of the remnant kidney in 
donors restricts, partly the functional lost. Thus GFR ('”I- 
iothalamate urinary clearance measurements) is about 60% 
(69 + 4 ml/min/1.73 m and 70% (785 ml/min 
1.73 m*) of the predonation value (111 + 6 ml/min/ 
| .73 mô) at about one month and 5 years after the nephrec- 
tomy, respectively. '® 


Renal function in disease 


The aim of the following chapter is to go through every issue 
related to the measurement of renal function and to define 
which methods are adequate for which patients’. However, 
we agree that no single test of GFR is perfectly suited for 
every clinical and research application. Thus, the goal should 
be to propose a specific clinical question (screening, confirm- 
ing, following, ...) the most accurate, precise, safe, conve- 
nient and cost-effective (not only the cheapest) method. 
Recently, the Kidney Disease Outcome Quality Initiative 
(K/DOQI) of the National Kidney Foundation (USA) has 
proposed guidelines,! among which one is dedicated to the 


definition and classification of stages of chronic kidney disease 
(guideline |) and another to tts evaluation by estimation of 
GFR (guideline 4). 

GFR plays a cornerstone role in the definition of chronic 
kidney disease (CKD), since CKD is defined on two criteria, 
one of which being a decreased GFR: 


|. Kidney damage for 3 months at least, as defined by 
structural or functional abnormalities of the kidney, with 
or without decreased GFR, manifest by either patholog- 
ical abnormalities, or markers of kidney damage (includ- 
ing abnormalities in the composition of the blood or 
urine, or abnormal imaging tests); 

2. GFR lower than 60 ml/min/|.73 m? for 3 months at 
least, with or without kidney damage (as defined in 
criteria |). 


Similarly, the GFR level is used for the stage definition of 

CKD: 

e Stage |: with normal or increased GFR: 
GFR = 90 ml/min/|.73 m? 

e Stage 2: GFR between 60 and 89 ml/min/|.73 m? (mild) 

e Stage 3: GFR between 30 and 59 mi/min/|.73 m? 
(moderate) 

e Stage 4: GFR between 15 and 29 mi/min/|.73 m? 
(severe) 

e Stage 5: GFR < 15 ml/min/|.73 m? (renal failure). 


For the ‘estimation’ (not the measurement) of GFR, the 
recommendation is to use prediction equations taking into 
account serum creatinine concentration and some of the 
variables, which determine the creatinine production, such as 
age, gender, body size, ethnicity, etc. Estimating GFR by 
prediction equation based on serum creatinine is more 
reliable (i.e., more accurate and more precise) than measur- 
ing 24-hour creatinine clearance, mainly because of inter- 
patient and intrapatient variability in creatinine tubular 
secretion and inability of most patients to accurately collect 
timed urine samples.” The day-to-day coefficient of varia- 
tion of creatinine clearance has been reported as high as 27% 
in a routine clinical setting.” 

The two recommended formulae for predicting either 
creatinine clearance or GFR are, for adult patients, the 
Cockroft-Gault equation™ and the ‘abbreviated’ MDRD 
study equation (MDRD for Modification of Diet in Renal 
Disease), respectively and in children, the Schwartz?” and 
Counahan—Baratt”® equations, respectively (Table 1.1). 
However, these recommendations do not answer the 
question ‘which methods for which patients’ since the guide- 
line about estimation of GFR only states that ‘all four formulae 
reviewed provide a marked improvement over serum 
creatinine alone! for clinical assessment of kidney disease. 
Moreover, K/DOQI guidelines acknowledge, firstly that 
‘estimation of GFR and creatinine clearance from serum 
creatinine is critically dependent on calibration of the serum 


Table 1.1 
clearance and GFR based on serum creatinine 


Adult 


Cockcrott-Gault® (140 = age) x weight 


Cer (Ml/min) = 
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Equations recommended by the National Kidney Foundation (NKF/DOQI) to predict creatinine 


x (0.85 if female) 


72 X Ser 
Abbreviated MDRD’® GFR (mi/min/1.73 m?) = 186 x (Ser)? x (age) x (0.742 if female) x (1.210 if African-American) 
= exp(5.228 — 1.154 x L, [Ser] — 0.203 x L, (age) — (0.299 if female) + (0.192 if 
African-American)) 
Children 0.55 x lenath 
Schwartz?” Cer (mi/min) = aaa ae 
CR 
Counahan-Baratt?® GFR (mli/min/1.73 m?) = 243 xengn 
CR 


Scr, serum creatinine in mg/dl (to convert mg/dl to umol/l multiply by 88); Cer creatinine clearance; weight in kg; length in cm; age in years. 


creatinine assay’, and secondly that, ‘in certain clinical situa- 
tions, clearance measures may be necessary to estimate GFR’. 

Numerous methods are used to measure creatinine, 
mainly colorimetric (based on Jaffe! reaction) or enzymatic 
assays. The more commonly used colorimetric methods 
systematically overestimate creatinine concentrations by 
about 20% compared to enzymatic measures (lower inter- 
ference with noncreatine chromogens) and by 20% to 80%, 
when compared to high-performance liquid chromatography 
(HPLC) and dilution mass spectrometry measures, which 
should approximate ‘true creatinine"! The College of 
American Pathologists? reported that in laboratories 
surveyed in 1994, creatinine was overestimated on average 
by 13% to 17% (0.12-0.17 mg/dl or | I-15 mol/l). Serum 
creatinine assays on the same samples were 0.23 mg/dIL 
(20.3 mol/l) higher at the White Sands Laboratory (Third 
National Health and Nutrition Examination Survey, 
NHANES III) than at the Cleveland Clinic (MDRD study), 
although both laboratories used Jaffe’ reaction-based 
methods but on different auto-analysers.*° 

Without any correction of this bias by a calibration factor 
(0.81), the prevalence of low GFR (30-60 ml/min/1.73 m°) 
in NHANES Ill would have been erroneously increased 
fourfold (12.5 versus 3.2%).*! Recently, the French Society 
of Clinical Biology assessed interassay variation and accuracy 
of blood creatinine measurements as well as the effect of the 
standardization of calibration procedures on interassay varia- 
tion. Thirty frozen human sera and three certified reference 
materials were analysed by |7 creatinine assays (12 colori- 
metric, four enzymatic and one HPLC).** Most of the 
commercially available methods had inaccuracy higher than 
10% for serum creatinine lower than |.7 mg/dl (150 Umol/). 
The median dispersion factor was 14% between 0.5 and 
1.7 mg/dl (45-150 umol/l, the range of mild to moderate 
renal impairment) and 8% between 2.9 and 4.0 mg/dl 
(250-350 mol/l). Moreover, the bias was not constant over 
the clinical range of serum creatinine, enzymatic assays 
producing lower results than colorimetric ones for low creati- 


nine levels, but conversely higher results for high creatinine 
levels. Due to the lack of a standardized calibration procedure 
using several concentrations (with at least one between O. | 
and |.7 mg/dl or 90-150 mol), the intra-assay variation is 
too high to allow prediction of creatinine clearance or GFR 
from serum creatinine levels, contrarily to K/DOQI guidelines 
recommendations. Similar conclusions have been reached by 
other groups working on the prevalence of low GFR in 
nondiabetic Americans*'’? or on the risk factors on renal 
function (Prevention of Renal and Vascular End-stage 
Diseases study, PREVEND).** Although the K/DOQI 
working group has chosen an estimated GFR cutoff of less 
than 60 ml/min/1.73 m? for diagnosing chronic kidney 
disease in the absence of kidney damage, an improvement in 
estimating GFR from MDRD formula could be to include 
creatinine assay methods as a covariable in the prediction 
equation used’? keeping in mind the interlaboratory varia- 
tion in measurement of serum-creatine. 

Since creatinine clearance overestimates GFR, the 
estimates given by the Cockcroft-Gault and Schwartz formu- 
lae are biased too. Thus, in a large sample of more than 500 
adults with a wide range of GFR (up to approximately 
90 ml/min/|.73 m°), Cockcroft-Gault formula overestimates 
GFR, directly measured by '”*I-iothalamate urinary clearance, 
by 23%. With Schwartz formula, the bias increases 
markedly in children with low GFR, with overestimation up 
to 32% and 67% for GFR ('*l-iothalamate clearance) 
between 31-50 mi/min/|.73 m* and lower than 
30 mli/min/|.73 m?, respectively.” 

Another issue is the reliability of the claimed statement that 
the four formulas recommended provide a clinically useful 
estimate of GFR’ in the K/DOQI guidelines. This statement 
relies on a rather optimistic definition of what is an accuracy 
sufficient enough for good clinical decision-making. Thus, the 
accuracy was defined as the percent of GFR estimates within 
30% of measured GFR (i.e.; in the 70-130% range of GFR 
measured by radionuclide tracer, inulin or iohexol clear- 
ances). Results of about ten studies (see reference |) assess- 
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ing accuracy in adults and children indicated that a quarter of 
the patients have estimated GFR by Cockcroft—Gault and 
Schwartz formulae, respectively, out of this large range of 
uncertainty (about 60% of the measured, ‘true’ GFR). 
Although the claimed clinical usefulness of Cockcroft-Gault 
and Schwartz formulae are questionable regarding such a low 
accuracy, abbreviated MDRD and Counahan-Baratt formu- 
lae are more efficient with only 10% and 15-30% of 
estimated GFR, respectively, which did not fall into the 30% 
accuracy range. 

Assuming that a GFR prediction formula derived from a 
patient population will be valid when applied to another 
population may be erroneous. For example, 
Cockcroft—Gault formula systematically overestimates GFR in 
obese” or oedematous individuals’? and is inaccurate in 
diabetic patients.” Similarly, Schwartz formula is not reliable 
in children with insulin-dependent diabetics mellitus,“ with 
iver disease,*!** and after liver transplantation.*? Even the 
more recent abbreviated MDRD formula was recently 
reported as inaccurate for GFR estimation in healthy potential 
idney donors,''** a conclusion not so surprising since the 
patients included to derive the MDRD formulae had GFR 
up to 90 ml/min/1.73 m? only. The same conclusion is 
predictable for the early stage of CKD in diabetic patients, 
where GFR may be normal or even increased.* Therefore, 
measurements of GFR are needed to identify early decline or 
increase in kidney function, especially in patients at high risk 
for renal functional impairment (e.g., diabetes, renal trans- 
plant rejection, systemic lupus erythematosus, etc.). "4647 

In clinical situations in which the average rate of production 
of creatinine is unpredictable from the variables used in 
the prediction formulae, GFR measurements by clearance 
methods are mandatory. Estimates will be unreliable in 
severe malnutrition, obesity, prolonged parenteral nutrition, 
corticotherapy (e.g., chronic kidney and liver disease and 
transplantation), neuromuscular diseases, paraplegia or 
quadriplegia and vegetarian diet (low creatinine dietary 
intake). More problematic, the fundamental assumption of 
the MDRD formula that age, gender, ethnicity and blood 
urea nitrogen (BUN) account for creatinine production, is 
invalid in patients with advanced renal failure, and the use of 
MDRD formula in these patients might introduce biases.*® 

Even if the prediction equations to estimate GFR had been 
validated by tests in adults (or children), elderly, diabetics and 
nondiabetics, high-risk patients (e.g., for CKD or cardiovascu- 
lar disease), transplant recipients and among different ethnici- 
ties (and not only African/Mexican/Caucasian/American), 
their clinical use would be limited. The most important hurdle 
remains that they were derived from adjustment variables 
(e.g. age, gender, height and body weight) more effective for 
detecting interpatient differences than intrapatient time 
changes. Consequently, and as specified in the K/DOQI 
guidelines, ‘estimates of GFR based on serum creatinine will 
only enable the detection of substantial progression (> 25% 
to 50% decline) ... and will lead to false measures of lower 
degrees of progression’. In this context, it should be recalled 


that the coefficient of variation (CV) of inulin clearance 
measured on different days in the same individual (with 
invasive bladder catheterization, no data using spontaneous 
voiding) is approximatively 7.5%,” the median intertest (3 
months interval) CV of '”l-iothalamate urinary clearance 
(spontaneous voiding) is 6.3%,°° and the total day-to-day CV 
of °'Cr-EDTA plasma clearance (no urinary collection) is 
4.1% and | 1.5% in patients with a GFR > or < 30 ml/min, 
respectively.” 

In 1989, Andrew S. Levey, the first author of many papers 
published by the MDRD study working group, had already 
concluded in a review about the use of GFR measurements 
to assess the progression of renal disease“? that 'estimation of 
GFR from renal clearance of radioisotope-labeled filtration 
markers, using a bolus infusion and spontaneous bladder 
emptying, is accurate, precise, and more convenient than the 
classical inulin clearance techniques, and that measurements 
of GFR should be included in clinical research'. 

The next chapters will analyse the chemical and radio- 
nuclide techniques available to measure GFR in adults and 
children and propose answers or suggestions for the selec- 
tion of the most appropriate methods in different clinical 
settings both in adults and children. 

Besides prediction formulae based on serum creatinine, 
Joe Nally will discuss serum cystatin C, which has been 
suggested for detecting early changes in GFR especially in 
children, liver disease and kidney transplant, where creati- 
nine-based formulae are inaccurate. However, sample sizes 
are limited and results are still conflicting! The use of 
iodine contrast media (e.g., iohexol) as a nonradioactive 
substitute in urinary and plasma clearance methods**** has 
been proposed to measure GFR. However, expensive and 
time-consuming HPLC is required to allow the use of a small 
injection dose (unlikely to induce adverse effects except 
allergic reactions) and accurate measurement of low serum 
concentrations. X-ray fluorescence method is less sensitive 
and accurate, and needs a higher sampled blood volume. 


Table 1.2 Which methods for which patients 


Applications Clinical settings 


Prevalence of low GFR 

e general population 

e high-risk patients (diabetes, CVD, etc.) 
Inaccurate/doubiful estimated GFR (e.g., 
chronic rejection), prognostic information (e.g., 
SLE), need for therapy or additional diagnostic 
test 

Disease progression, therapeutic follow-up, 
need for dialysis or transplantation (very low 
GFR) 

Renal toxicity, renal clearance of drugs to 
guide dosing, renal functional reserve, normal 
values (€.g., ageing) 


Screening 


Confirming 


Following 


Investigating 


The point of view of the nephrologist and the paediatric 
nephrologist will be developed by M. Laville and J.P. 
Guignard, respectively. 

Which methods should be used for well-defined clinical 
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E. Durand will present radionuclide clearance methods, 
either urinary (i.e., either constant infusion or intravenous/ 
subcutaneous single injection) or plasma clearance (i.e., 


conditions? The methods may differ strongly, depending on 
the type of clinical application concerned. Table 10.2 lists the 
clinical settings and the corresponding field of application. 
Answering such questions needs to consider the criteria for 
the choice, which may have different weights in the decision- 
making process, depending on the main aim of the test (e.g., 
screening patients at risk or confirming the need for dialysis or 
transplantation). 
In general, the tests that are most accurate (low bias 
compared to the standard) and precise (good reproducibility 
and small difference for a significant change) are also those 
that are less convenient (simplicity, safety, availability, cost), 
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2 Assessment of GFR: chemical 
techniques and prediction equations 


Joseph V Nally 


Introduction 


The kidney plays a vital role in maintaining total body 
homeostasis by having both excretory and endocrine 
functions. The excretory functions are more readily recog- 
nized as the kidney rids the body of potential uremic toxins 
and maintains vascular volume, critical fluid—electrolyte and 
acid-base balance. The kidney also plays an endocrine role 
related to the production of such important hormones as 
renin, 1,25 vitamin D, erythropoietin, etc. Overall, the level 
of the glomerular filtration rate (GFR) is generally accepted as 
the best index for the complex functions of the kidney in 
health and disease. 
The Kidney Disease Outcome Quality Initiative (K/DOQI) 
of the National Kidney Foundation was established to define 
and classify chronic kidney disease (CKD) to assist the clinician 
in earlier recognition and treatment of CKD and its complica- 
tions. These K/DOQI clinical practice guidelines identified 
GFR as the keystone for the definition and staging of CKD. 
Table 2.1 lists the two general criteria for defining CKD.! In 
brief, CKD is defined as kidney damage manifest by abnormal 
renal pathology, urinalysis (albuminuria/haematuria), renal 
imaging studies or abnormal blood work. In addition, CKD 
may be defined as a reduction of GFR less than 60 ml/min for 
at least 3 months — with or without obvious kidney damage. 
Table 2.2 lists the stages of CKD based upon level of GFR. 


Table 2.1 Definition of chronic kidney disease (CKD) 
Structural or functional abnormalities of the kidneys for = 3 
months, as manifested by either: 


1. Kidney damage, with or without decreased GFR, as 
defined by: 
a. pathologic abnormalities 
b. markers of kidney damage, including abnormalities in 
the composition of the blood or urine or abnormalities 
in imaging tests 


2. GFR <60 mi/min/1.73 m?, with or without kidney damage 


Table 2.2 Staging of CKD 


Stage Description GFR (mi/min/1.73 m’) 


] Kidney damage with normal 
or increased GFR >90 
2 Mild decrease in GFR 60-89* 
3 Moderate decrease in GFR 30-59 
4 Severe decrease in GFR 15-29 
5 Kidney failure <15 or dialysis 


*May be normal for age. 


The K/DOQI report recommends that serum creatinine 

(SCr) and an estimated GFR (eGFR) derived from prediction 
equations be reported to the clinician. Hence, a detailed 
understanding of the methodologies to measure or estimate 
GFR is vital for today's clinician as GFR is the benchmark for 
defining and staging CKD. 
In order to measure GFR, one must measure the clear- 
ance of an agent that is excreted via the kidney by GFR alone. 
It is important to recognize the characteristics of an ideal 
agent for measuring GFR. The agent should be safe, 
nontoxic, and freely filterable at the glomerulus without 
appreciable tubular reabsorption or secretion. The latter 
quality separates these GFR agents from effective renal 
plasma flow (ERPF) agents which are cleared via the kidney 
by both GFR and active tubular secretion. This chapter will 
focus on those methodologies that use chemical techniques 
for assaying those substances in blood and urine which 
measure or estimate GFR. The reader is referred to Chapter 
3 which describes the radionuclide assessments of GFR. 


Chemical techniques 


Inulin 


Inulin has long been regarded as the ‘gold standard! of exoge- 
nously administered markers of GFR. However, its scarcity 
and high cost have greatly diminished its usefulness and it is 
now generally of historical interest only. 
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Inulin is a fructose polysaccharide (molecular weight 2200 
Daltons) found in such tubers as the dahlia, the Jerusalem 
artichoke and chicory. It possesses the ideal characteristics of 
a GFR agent as it is inert, freely filtered at the glomerulus and 
neither reabsorbed nor secreted by the renal tubules. Inulin 
may be measured in plasma and urine by one of severa 
colorometric assays. 

Utilizing inulin to measure GFR was originally developed 
and championed in the | 930s by Homer Smith, the father of 
renal physiology.? The technique has been used by many 
investigators over the ensuing decades and has had little 
modification. The procedure uses a bolus and infusion 
technique in a water-loaded patient. Urinary clearance was 
calculated using three to five periods. The coefficient of varia- 
tion between the clearance periods was |0% and coefficient 
of variation of inulin clearance measured on different days in 
the same patient approximate 7.5%.’ 

The urinary clearance techniques were both cumbersome 
and inconvenient. To avoid problems with collection and/or 
bladder catheter placement, many investigators turned to 
plasma disappearance technique using either constant 
infusion or bolus injection.* Nevertheless, the decline in the 
use of inulin as a GFR marker has been largely attributable to 
its scarcity, cost and cumbersome methodologies. 


lohexol 


Given the difficulty and expense of measuring GFR using 
inulin infusion clearance techniques, radiological contrast 
media such as iothalamate diatrizoate and iohexol have been 
suggested as alternatives which can be measured using 
chemical techniques. These substances may serve well as 
GFR markers as they fulfil the ideal characteristics of such 
agents. 

lohexol has been introduced as nonionic low-osmolar 
radiologic contrast medium that can be analysed in serum by 
using HPLC and X-ray fluorescence (Renalyzer) techniques. 
Over the past two decades, these measurements have 
opened up the field for use of low-dose iohexol (i.e., 10 ml 
versus the traditional 100 ml for X-ray purposes) as a GFR 
marker.° Slow intravenous injection with a small dose of 
iohexol for a clearance procedure is not nephrotoxic as is the 
case of high-pressure injection of larger amounts of contrast. 
In a large study of nearly 4000 iohexol clearance measure- 
ments, few adverse reactions were noted.° Several investiga- 
tors have found a good correlation with plasma clearance of 
iohexol with that of inulin, chromium EDTA and technetium 
DTPA.’ Furthermore, Brown and O'Reilly made a detailed 
study utilizing bladder catheterization and the classical contin- 
uous infusion techniques and demonstrated an excellent 
correlation between the renal clearances of iohexol and 
inulin.’ These techniques utilize the plasma disappearance 
methodologies of Brochner—Mortensen, using three to four 
plasma samples after injection.’ Other investigators have also 


demonstrated acceptable estimates of GFR using the single 
plasma sample model of Jacobson. '° 

In a cohort of patients with a wide range of kidney function 
(GFR 14-104 ml/min), Gaspari and colleagues demonstrated a 
high level of precision of the iohexol plasma disappearance 
technique using multiple plasma samples measured by HPLC. |! 
Overall, the mean intra-individual coefficient of variation and 
reproducibility was 5.7 and 6.3% — even in patients with GFRs 
<40 ml/min. Swedish investigators studied iohexol plasma 
disappearance measured by X-ray fluorescent techniques using 
the single sample model of Jacobson in patients with renal 
disease. They concluded that single samples at 4h for GFR 
>50 ml/min, 7 h for GFR 20-50 ml/min, and 24h for GFR 
<20 ml/min gave values in good agreement with those based 
upon a four-sample slope clearance of iohexol.'° In contrast to 
these patients with impaired kidney function, Australian investi- 
gators studied patients with diabetic nephropathy and 
preserved GFR and suggested that the Brochner—Mortensen 
modified one compartment model was preferred in patients 
with GFR >60 ml/min. '* 

In patients with GFR >40 ml/min, Cr'-EDTA was 
compared to iohexol clearances using two different methods 
of iohexol analysis, HPLC and X-ray fluorescence, referring 
both to multisample and single-sample calculations.’ The 
single- and multiple-point clearances determined by HPLC 
and X-ray fluorescence compared to Cr°!-EDTA correlated 
highly (R >0.92 in all). The authors concluded that iohexol 
and Cr°'-EDTA were comparable as GFR markers for 
multiple point clearance measurements. The single-sample 
method of GFR for patients with GFR >40 ml/min can be 
used with high accuracy. The precision and accuracy of X-ray 
fluorescence analysis of low concentrations of iohexol were 
less than the more costly HPLC analysis. 

In aggregate, many clinical research centres throughout 
Europe favour the measurement of GFR using either the 
Cr°'-EDTA or iohexol plasma disappearance clearance 
techniques. Cost may be a factor in the measurement of the 
latter if the more precise and costly technique using HPLC is 
used, 


Creatinine 


SCr is the most widely used assay to measure the presence 
and progression of CKD." The predictive equations for GFR 
are also critically dependent on the accuracy and repro- 
ducibility of the measurement of SCr.'* Creatinine is derived 
from the metabolism of creatine in skeletal muscle. 
Creatinine is released into the circulation at a relatively 
constant rate and has a stable plasma concentration in the 
steady state. Endogenous creatinine production may vary 
with muscle mass, age, gender, ethnicity and nutritional status 
of the subject. As noted, creatinine is freely filtered by the 
glomeruli and it is neither reabsorbed nor metabolized by the 
renal tubular cells. However, 10-20% of urinary creatinine 
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may be derived from tubular secretion from the proximal 
tubules by organic cation secretory mechanisms. 

The most widely used assay to measure SCr is based on 
the modified kinetic Jaffe reaction. The Picric-acid—Jaffe 
reaction has been recognized as overestimating SCr in 
normal individuals by 20-30% relative to HPLC or mass 
spectroscopy measurements because of ‘noncreatinine 
chromogens'.'*''® In contrast, there is a negligible amount of 
‘noncreatinine chromogens' in urine — which might lead to an 
underestimate of the creatinine clearance. By coincidence, 
the overestimation of SCr due to 'noncreatinine chromogens' 
provides a nearly equal balance for the tubular secretion of 
creatinine such that the measured creatinine clearance is a 
good estimate of GFR in healthy subjects. In patients with 
progressive CKD, the tubular secretion of creatinine is more 
robust such that the creatinine clearance will overestimate 
GFR. SCr may be increased in selective circumstances which 
would not reflect a true reduction in GFR. Certain drugs (e.g., 
trimethoprim, cimetidine) may increase SCr by decreasing 
the tubular secretion of creatinine. Other substances or drugs 
may interfere with the alkaline-picric colorimetric assay as 
they are recognized as creatinine chromogens (e.g., acetoac- 
etate in diabetic keto-acidosis, cefoxitin, flucytosine, etc.). 
Endogenous creatinine production may be increased in 
circumstances such as rhabdomyolysis or catabolic states 
which might increase SCr. 

Precise measurement of SCr is critical in measuring or 
estimating GFR. Advances in clinical chemistry have led to the 
development of the modified kinetic rate Jaffe reaction and 
enzymatic methods which can be calibrated to avoid 


measurement of 'noncreatinine chromogens.' In 1994, the 
College of the American Pathology (CAP) surveyed 700 
laboratories and noted that the differences in calibration of 
SCr assays accounted for 85% of the difference between the 
SCr measurements.'’ The lab surveys overestimated SCr by 
13-17% with considerable interlab variation. 

In 2003, a similar survey by CAP of 5624 labs noted 
significant bias variability related to instrument manufacturer, 
rather than the type of alkaline picric acid or enzymatic 
methodologies.'® In the USA, the National Institutes of 
Health (NIH)/National Kidney Disease Education Program 
(NKDEP) recommends that laboratories calibrate their SCr 
measurements to a Cleveland Clinic Lab standard as it has 
been the core Renal Function Laboratory in the development 
of the Modification of Diet in Renal Disease (MDRD) predic- 
tion equations for estimating GFR.'® The precise measure- 
ment of SCr is crucial in estimating GFR using predictive 
equations as a small error in SCr may translate into a more 
substantial variability in GFR estimates. 

Even if creatinine is measured accurately, both SCr and 
creatinine clearance have significant limitations in estimating 
true GFR. Equations based on SCr, age, gender and other 
variables perform much better at predicting GFR than SCr 
alone. Indeed, from the pioneering days of Homer Smith, the 
nonlinear (i.e., curvilinear) relationship between increasing SCr 
and falling GFR was recognized. Creatinine clearance was 
recognized as a better index of GFR because it takes into 
account the urinary creatinine which approximates the 
endogenous production of creatinine based upon muscle 
mass, age, gender and ethnicity. However, there are two 
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major potential errors that limit the accuracy of creatinine clear- 
ance: (a) incomplete urine collection, (b) increasing tubular 
secretion of creatinine — especially with falling GFR — which 
may overestimate the true GFR. During the K/DOQI process, 
the investigators examined the accuracy of SCr, creatinine 
clearance, and the predictive equations vs measured |'?° 
iothalamate GFR from the MDRD study cohort.' Results from 
that evaluation can be seen in Figure 2.1. Predictive equations 
were more reliable estimates of GFR than either SCr or creati- 
nine clearance. Indeed, the day-to-day coefficient of variation 
of creatinine clearance has been reported as high as 27% by 
some investigators. ° The K/DOQI guidelines recommend that 
a 24-hour urine for creatinine clearance is no longer suggested 
as an estimate of GFR. 


Cystatin C 


Given the limitations of SCr, serum cystatin C has been 
proposed as a screening test in an attempt to improve the 
detection of a reduction in GFR.” Cystatin C is a member of 
the family of cysteine proteinase inhibitors. It has a low 
molecular weight (13 kDa) and is produced at a constant rate 
by all nucleated cells. Cystatin C has been identified as a 
housekeeping gene whose constant production is indepen- 
dent of age, gender, muscle mass, etc. There are conflicting 
data as to whether tts production may be variable in certain 
rare malignancies (e.g., metastatic melanoma or colon 
cancer). Cystatin C is freely filtered by the glomerulus, not 
secreted by the renal tubules, but is almost entirely 
reabsorbed and cannibalized by the proximal tubule. The 
atter characteristic negates the calculation of urinary clear- 
ance of cystatin C as a measure of GFR. Since it is completely 
filtered by the kidney, does not return to the bloodstream, 
and is not secreted by renal tubules, it has been proposed as 
an ideal endogenous marker of GFR. 

The first radioimmunoassay (RIA) to quantify cystatin C in 
serum was developed in 1979. Subsequent methods to 
detect cystatin C were developed using radiofluorescent 
and enzymatic immunoassays. More recently, automated 
homogeneous immunoassays using latex or polystyrene 
particles coated with cystatin C antibodies have been devel- 
oped and FDA approved.*!”” 

Multiple studies have validated the use of cystatin C as a 
‘renal marker’ in adults, as serum cystatin C correlated with 
measurement of an impaired GFR. In a recent review, the 
authors analysed 24 studies that examined the utility of 
cystatin C versus SCr for detecting an impairment of GFR 
(usually GFR of less than 80 ml/min, range 60-90 ml/min).”° 
Fifteen studies concluded that cystatin C was superior to SCr 
and nine studies suggested equivalence. In aggregate, these 
studies consistently demonstrated that cystatin C performed 
at least as well as SCr as a 'renal marker in adults, in pediatric 
patients above the age of four, and in selected renal transplant 
patients’. Importantly, tt must be recognized that these initial 


studies of cystatin C as a ‘marker’ of GFR were generally 
trying to distinguish between ‘normal’ GFR (greater than 
80 ml/min) versus ‘impaired’ GFR. Cystatin C often had a 
better diagnostic sensitivity, specificity, negative predictive 
value and ROC curves than SCr in an adult population for 
identifying a patient with impaired GFR.’ However, 
measurement of serum cystatin C as a direct quantification or 
estimate of GFR has not been well studied. The utility of 
cystatin C in formulating prediction equations — especially in 
patients with GFRs greater than 60 — is currently under inves- 
tigation. Overall, the recent literature suggests that cystatin C 
may have a role in assessing kidney function in selected 
patient groups for whom the disadvantages of SCr have 
become apparent. 


Prediction equations 


The overall goal of the NKF's K/DOQI Clinical Practice 
Guidelines was to develop a standard definition and staging of 
CKD to assist the clinician in early recognition and treatment 
of CKD and its complications. The Clinical Practice 
Guidelines recommend GFR as the keystone for the defini- 
tion and staging of CKD. Given the limitations of SCr and 
creatinine clearance, the K/DOQI guidelines recommended 
predictive equations for the estimation (not precise measure- 
ment) of GFR based upon SCr measurements. In children, 
the Schwartz™* and Counahan-Baratt” equations are recom- 
mended. For adults the guidelines recommend two formu- 
lae: (1) Cockroft-Gault equation, and (2) the abbreviated 
MDRD study equation. The equations are defined as follows: 


Cockroft-Gault:”° 
CCr (ml/min) = (140 — age) x lean body weight 
(kg)/pCr (mg/dl) x 72 


MDRD abbreviated formula:! 

GFR (ml/min/|.73 m?) = 186.3 x ((SCr) exp [-1.154]) 
x (age exp [-0.203]) x (0.762 if female) x (1.180 if 
African American) 


Given the greater likelihood of the MDRD equation predict- 
ing iothalamate measured GFR, the guidelines favoured the 
use of the abbreviated MDRD equation in the clinical practice 
of adult medicine (see Figure 2.1). K/DOQI authors defined 
the ‘accuracy’ of eGFR as the percentage of eGFR estimates 
within 30% of the measured iothalamate GFR (iGFR). In 
adults, the abbreviated MDRD formula performed better 
than the Cockcroft-Gault (CG) equation with only 10% of 
the eGFR falling outside of the 30% accuracy range. 

It is critical to appreciate the limitations of the eGFR 
derived from the predictive equation. First and foremost, one 
must recognize that these predictive equations are creatinine- 
based estimates (not measurements) of GFR recommended 
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Figure 2.2 Association of estimated GFR with measured iGFR 
in Outpatients with CKD (circles) and potential kidney donors 
(squares). Panel A shows the association of iGFR with eGFR- 
MDRD and panel B with eGFR-CG. Dotted lines subclassify the 
GFRs based on K/DOQI stages. EGFR is plotted on the 
horizontal axis and iGFR on the vertical axis. With permission 
from reference 27. 


for clinical practice. The predictive equations are based upon 
SCr and selected variables of endogenous creatinine produc- 
tion such as age, body size, gender, ethnicity, etc. A precise, 
reproducible measurement of SCr is essential for the eGFR 
from the predictive equations. As noted previously, the ACP 
survey reported considerable interlab variations with overes- 
timate of SCr by 13-17% attributable to imprecise creatinine 
calibrations.'’ For example, creatinine on the same samples 
were 0.23 mg % higher at the White Sands Laboratory 
(NHANES III) than the Cleveland Clinic Foundation (CCF) 
Laboratory (MDRD study), even though both labs used the 
Jaffe-based methodology.'® In the USA, the NIH/NKDEP 
recommended that the labs calibrate their SCr to a standard 
at the CCF's Lab (MDRD study site) to improve precision in 
this important determination. 


Secondly, it is also important to recognize that the abbre- 
viated MDRD equation was derived from a stable, outpatient 
CKD population of approximately 500 patients with iothala- 
mate-measured GFRs ranging from 15-90 ml/min. Hence, 
the MDRD equation might be expected to provide an 
adequate estimate of GFR in a clinically similar patient popula- 
tion, but one must not erroneously conclude that the MDRD 
equation is valid across all patient populations. Recent studies 
from CCF suggest that the former statement is indeed true at 
our institution.” In comparing eGFRs (MDRD and CG) to 
iGFR in a stable, outpatient CKD population with GFRs from 
15—60 ml/min, a strong performance was noted between 
eGFR (MDRD) and iGFR; whereas, the performance of 
eGFR (CG) with iGFR was less robust (Figure 2.2).’” These 
findings were applicable in both diabetic and nondiabetic 
CKD patients. An analysis by these same investigators in 
stable renal transplant recipients yielded similar observa- 
tions.”* In contrast, these investigators report that an eGFR 
(both MDRD and CG) overestimate iGFR in a hospitalized 
patient population with stable creatinine.” Importantly, they 
also report that eGFR derived from the MDRD equation is 
inaccurate in individuals with normal or near normal renal 
function. Even with reliable calibration, minor imprecision in 
lower SCr measurements may result in significant variation in 
eGFRs causing a lack of precision and accuracy of eGFR in a 
healthy population. Hence, estimating GFR with the MDRD 
equation in potential renal transplant donors or in patients 
with early nephropathy (i.e., diabetic hyperfiltration) does not 
ppear to be warranted. 

Finally, given the lack of precision of the eGFR, two other 
considerations are worth noting. First, certain other clinical 
ircumstances exist whereby a patient does not conform to 
the MDRD study population based upon extremes of age, 
size, nutrition or comorbid diseases (Table 2.3). In such 
circumstances, the reliability of eGFR determination is uncer- 
tain and a formal measure of GFR may be indicated. Secondly, 
the lack of precision of eGFR, even in appropriate MDRD 
cohorts, dictates that the eGFR would be an inappropriate 
clinical tool to measure precise reductions in GFR in clinical 
research trials. 


i) 


C 
Cc 


‘Which test for which patient?’ 


In attempting to answer this question, one must define the 
primary objective regarding the measurement of kidney 
function. Is the test going to be applied in clinical practice in 
which an estimate of GFR is adequate? Or, is a precise 
measurement of GFR required in a clinical research study? In 
answering these questions, one must balance the accuracy 
and precision of a test against the important issues of cost and 
patient convenience (see Table 2.3). As a clinical nephrologist 
with an interest in clinical research design and analysis, | 
would offer the following perspective. 
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Table 2.3 Accuracy, precision, convenience and cost of GFR measurements 


Methods Accuracy Precision Convenience Cost 
Inulin clearance ba tad KKK * NA 
Creatinine 
Serum creatinine * * Kk aK kK 
24-h urinary clearance a xx x ke 
Estimated GFR 
Adults 
CG kkk kkk kkkk kkkkxk 
MDRD KKKK kkkk kkkk KKKKK 
Children 
Schwartz KKK KKK KKK KKKKK 
Serum cystatin C kkk kk** RREK paar 
lohexol clearance 
HPLC kkKKK KKKKK k * 
kkKKK kkkk*k * kk 


X-ray fluorescence 


Clinical practice 


Currently, SCr is the most widely used assay worldwide to 
measure the presence and progression of CKD. However, it 
is an imprecise measurement of GFR because it does not 
account for the important variables such as age, gender and 
ethnicity as they have an impact upon muscle mass and 
creatinine production. Given this imprecision, the authors of 
K/DOQI recommend the use of prediction equations for an 
estimate of GFR. The report recognizes either the MDRD 


abbreviated equation or the Coc 


croft-Gault equation to 


estimate GFR. Since the detailed report identified less 


variability with the former, the abb 
is generally recommended. After 


reviated MDRD equation 
a thorough review, the 


National Institute of Diabetes & Digestive & Kidney Diseases 
(NIDDK) recommends that clinical laboratories report both 
the SCr and the estimated GFR (eGFR) to the clinician. This 
recommendation has been instituted at many leading institu- 
tions and commercial laboratories throughout the United 
States. Given the variability of the estimated GFR in patients 
with normal kidney function, the NIDDK recommends the 


Table 2.4 Clinical situation in which clearance 
measures may be necessary to estimate GFR 


Extremes of age and body size 

Severe malnutrition or obesity 

Disease of skeletal muscle 

Paraplegia or quadriplegia 

Vegetarian diet 

Rapidly changing kidney function 

Liver disease 

Prior to dosing drugs with significant toxicity that are excreted 
by the kidneys 


eGFR be classified as greater than 60 ml/min, 59-30 ml/min 
(stage 3 CKD), 29-15 ml/min (stage 4 CKD) and less than 
15 ml/min (stage 5 CKD), 

In which patient population might eGFR be subject to 
error? In general, the eGFRs are best applied to stable, CKD 
patients with expected GFRs between 15—60 ml/min. 
Implicit in the application of these equations is that the patient 
must be in the steady state. Application of the eGFR from 
prediction equations to those patients in a nonsteady state 
such as acute renal failure is unwarranted. Moreover, special 
clinical circumstances in ‘at-risk’ patients (see Table 2.4) will 
require direct measurement of GFR as the eGFR is unreliable 
at the extremes of age, weight, malnutrition, liver disease, 
etc. Furthermore, the MDRD predictive equations were 
derived from a stable outpatient CKD population. Hence, 
eGFR is not applicable to a hospitalized population.” Finally, 
estimates of GFR using the MDRD equation are not reliable 
in patients with near-normal kidney function. Thus, one could 
not rely upon the eGFR to evaluate potential renal donors or 
those with early diabetic nephropathy to assess hyperfiltra- 
tion. New predictive equations using statin C measurements 
may prove to have clinical utility in these two patient popula- 
tions in the future. 


Clinical research protocols 


In order to select the appropriate test for assessing kidney 
function, one again must address the accuracy of the 
measurements required. Two general scenarios might be 
considered. 

First, if accurate measurements of GFR over a specified 
time are required per protocol to identify a renal outcome, 
then a precise measurement of GFR must be used. In clinical 
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trials in the USA, |'”iothalamate clearance has been the test of 
choice; whereas, either Cr°!-ETDA or iohexol clearances are 
the preferred methodologies in Europe. All three methods 
have been validated against the gold standard of formal inulin 
urinary clearances and are deemed to be accurate. 

Second, if long-term clinical trials in patients with CKD are 
designed in which the primary clinical outcomes might be 
related to overall progression of CKD, ESRD, renal trans- 
plantation or death, then it may be appropriate to use 
estimates of GFR. As opposed to the latter three clinical 
endpoints, the progression of CKD might be defined as a 
>50% reduction of eGFR. This definition would correlate 
with the outcome of doubling of SCr used in such pivotal 
trials as the Captopril Type | Diabetic Nephropathy trial,” or 
the Type II Diabetic Nephropathy Trials using angiotensin II 
receptor blockers.?! Utilization of the less precise eGFR in 
such a clinical trial could result in significant cost savings as 
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3 Measurements of renal function with 
radionuclide techniques in adults 


Emmanuel Durand 


Introduction 


Assessing such a basic physiological parameter as renal 
function is not straightforward. Biochemical techniques are 
easy to use, but they are not reliable in all circumstances. 
Radio-isotope techniques, either urinary or plasmatic, are 
presented here. The points addressed comply with the inter- 
national consensus published in 1996,' which is still up to 
date. 

When using any method to measure a physiological 
parameter, one aims at getting the ‘true value’. The first 
question to answer here is, what is renal function?. This point 
has already been addressed in Chapter |: most renal diseases 
affect both glomerules and tubules, though decoupling may 
rarely occur. As no ideal tracer provides a precise assessment 
of tubular function, it is widely considered that renal function 
is best assessed by glomerular filtration rate (GFR), on which 
this text focuses. Measuring renal plasma flow (RPF) instead 
has two drawbacks: first, the tracers used measure effective 
RPF (ERPF), which is RPF multiplied by extraction fraction 
(EF); as EF varies in many circumstances, there is no way to 
determine RPF. Second, even RPF varies much more than 
GFR under physiological circumstances; indeed, RPF can be 
considered as an input function to kidneys but it is not a 
function by itself. For all these reasons, it is probably not a 
good parameter to measure.” 

The second question is, how we can assess whether a 
method gives ‘true values’, assuming that it can be compared 
to a gold standard? In fact, there are two answers because 
two types of errors can be encountered. A method that is 
‘biased! will give systematic errors so that the average values 
will not match the reference; such a method may be defined 
as inaccurate. A method that has strong fluctuations will give 
variable errors so that the average values might match the 
reference, but with a wide scattering around the central 
value; such a method may be defined as ‘imprecise’. A good 
method must therefore be both ‘accurate’ and ‘precise’. 
(Note that the meaning of accuracy here is different from the 
definition used by the K/DOQI guidelines referred to in Chapter 
1.) Robustness has a slightly different meaning: a method is 
said to be robust when conditions outside the nominal ones 
(e.g. sampling errors, time errors, extravasation) result in only 
small errors. 


The purpose of this text is to present the various 
techniques that can be used to determine the absolute renal 
function, namely GFR. The relative renal function, namely the 
percentage of function performed by each kidney, can be 
determined accurately by means of a gamma-camera.*? 
Finally, to determine the individual function, one needs both 
absolute GFR, as presented here, and a garnmma-camera 
study, 


Renal tracers 


As stated in Chapter 2, renal plasma flow varies physiologi- 
cally over many situations. Also, it can only be estimated — not 
measured — by tubular tracers. Therefore, only glomerular 
tracers will be addressed here. 

To measure glomerular filtration, glomerular tracers are 
needed, i.e. tracers that are freely filtered, without protein 
binding, nor secretion, nor reabsorption. The gold standard 
for glomerular filtration is inulin, which is not radioactive (at 
least for human use). However, inulin is not widely available 
because it is no longer authorized for human use in any 
country; also, tts dosage is hampered by strong interferences. 
Radiotracers have the advantage of both easy and reliable 
dosage and lack of toxicity. 

The most common glomerular tracers are detailed 
Table 3.1. Among radiotracers, °'Cr-EDTA is considered th 
most reliable, with pure glomerular filtration, a high and stab 
(both in vitro and in vivo) labelling yield and only little prote 
binding. However, it is not available in any country. EDTA has 
a low and constant extrarenal clearance of ca. 4 ml/min; its 
urinary clearance underestimates inulin clearance by about 
5% (probably because of its anionic charge). These two small 
biases compensate and, as a whole, EDTA plasma clearance 
matches inulin urinary clearance quite well.* Typical activity 
for a clearance is 7 MBq. 

DTPA also has good characteristics but protein binding 
should be checked because contradictory studies were 
published, probably depending on the brand used.”® It is 
suitable for imaging, so it makes it possible to assess both 
absolute (by clearance) and relative (by means of a gamma- 
camera) renal function with a single tracer. Typical activity is 
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Table 3.1 Glomerular radiotracers 
Labelling 
DIPA  Diethylene pentacetic acid mig 
TOV 393 
13min 
1401 a 
EDTA  Ethylene-diamine-tetraacetic acid “ler 292 
lothalamate 129) 614 
131) 
COLD 
Diatrizoate 128] 636 


10 MBq for clearance but if imaging is performed, the activity 
should be much higher. 

Diatrizoate is less commonly used but it is a valuable alter- 
native. Conversely, iothalamate is not only filtered but also 
secreted. Its protein binding roughly cancels the effect of 
secretion so, even if it is only a second choice tracer, it is 
acceptable to determine GFR. 


Methods 


The clearance can be determined either by the plasma disap- 
pearance (then called plasma clearance), by the kidney uptake 
or by the elimination in the urine (then called urinary clear- 
ance). 


Urinary clearance 
Theory 


Urinary clearance is sometimes called renal clearance. (Note 
that though urinary and renal clearances are the same for 
perfect glomerular tracers, it is not the case for all tracers, e.g. 
DMSA has a urinary clearance that is only about one quarter 
that of tts whole renal clearance.) The clearance is defined as 
the imaginary plasma flow that is totally clear of tracer. The 
urinary clearance C can therefore be calculated as the urinary 
flow scaled to plasma by the urinary-to-plasma concentration 
ratio: 


U UxV 
Š = l 
C p% P (1) 


where V is the urinary flow and U and P are the urinary and 
plasmatic concentrations of tracer, respectively. If the renal 


MW 


Filtration Secretion Extraction Protein 
fraction coefficient binding 
D 15-20% — 15-20% 0-10% 
D 15-20% — 15-20% <5% 
D 15-20% 10-20% 4-25% 
D 15-20% — 


blood flow is F, the amount of tracer extracted per unit of 
time is given by: 


UV = F(P, — Py) (2 


where P, and P, are the arterial and venous concentrations of 
the tracer, respectively. The extraction coefficient, defined as 
the ratio of the arterio-venous difference to the arteria 
concentration: 

P, —Py 


eee eels 
P; (p 


characterizes the ability of an organ to take up a substance. 
From (1), (2) and (3), it follows that the clearance is: 


C = EF (4) 


The clearance is therefore the product of the input function 
to the kidney (namely the plasma flow F) and the extraction 
rate E, which characterizes the kidney efficiency. This is why 
clearance is a good parameter for the function of perfused 
idney. lt works as if the role of the kidneys were to extract 
inulin (or any glomerular tracer) from the plasma. One 
should, however, keep in mind that it is only a means to 
quantify the function and that the real role of the kidneys is to 
regulate the body fluids'. 

Plasma flow varies more than clearance and regulation 
processes ensure that over a wide range, variations of plasma 
flow F are compensated by opposite variations of the extrac- 
tion coefficient E. 

According to equation (1), for a reliable measurement of 
clearance, one must assume that both the clearance and the 
plasma concentration do not vary over the time of measure- 
ment. Though GFR has some variations over the nycthe- 
meral cycle, they can be considered to be slight and slow 
enough compared to the sampling periods. So as not to 
induce additional variation, it is recommended that the 
subject does not eat meat nor undertake heavy exercise 
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before or during the test. To keep variations on P as low as 
possible, two protocols can be used: 


e either a single intravenous injection followed by plasma 
sampling and urine collection over short timed periods 
(P should then not vary much during this period); 

e or a continuous infusion where P reaches a plateau. 


A simplified alternative to the latter is to use a subcutaneous 
injection; most often using iothalamate. Variations on the 
urinary flow V and, as a consequence, on the urinary concen- 
tration U are not a problem because no bias is induced when 
considering the integrated urinary sample as a whole. 

As urinary clearance techniques reflect only the kidneys, 
these techniques have an excellent accuracy. However, 
reliable urine sampling is not easy and it is important to be 
aware that the reference method should be to catheterize 
the bladder, rinse it with serum after voiding and chase the 
rest of urine by air insufflation. This is quite invasive and hardly 
ever done. As a consequence, urine clearance techniques are 
imprecise. To improve precision, the sampling should be 
repeated during the test and the calculated values averaged 
over every period. 

For DTPA, it was also suggested to monitor voiding by the 
means of a gamma-camera and to make correction for resid- 
ual activity in the bladder.’ All these techniques also neglect 
the transit time (intrarenal and ureteral). In practice, this 
assumption is valid except during the first minutes of the test. 


Bolus-injection, urinary clearance 


For this technique, GFR is determined over several periods 
by formula (1) while sampling both plasma and urine. The 
final result is given by the average of GFR values calculated fon 
each period. The following recommendations apply: 


e the patient should be at relative rest, not undertaking 
heavy exercise; 

e the patient should not eat meat just before or during the 
test; 

e the patient should be well hydrated to ensure a good 
urinary flow (i.e. 7-10 ml/kg body weight initially then 
compensating urinary flow); 

e urinary flow should be checked aiming for at least 
3 ml/min; periods with a urinary flow under | ml/min 
should be discarded; 

e the injection is usually performed intravenously, as a 

bolus; no calibration is required; in fact, any injection 

scheme can be used, so extravasation, if any, is not a 

problem for the reliability of the determination; 

e urine should be collected over several (at least three) 

timed periods (typically 30-60 minutes); voiding should 

be complete; 

e plasma sampling should be obtained around the middle 
of each period (see Figure 3.1). 
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Figure 3.1 While activity is decreasing, plasma samples are 


taken around the middle of the urine collections. 


The reproducibility of GFR between periods gives an idea of 
the final precision. 


Continuous-infusion, urinary clearance 


For this technique, the plasma concentration is made more 
stable. The principle is in fact exactly the same as for bolus 
injection, but for the injection scheme tracer is infused intra- 
venously at a constant rate by means of a pump. It is more 
cumbersome but it has an advantage over the single-shot 
technique: the assumption that P is constant during the 
sampling periods is more realistic; this improves precision and 
also baseline and test condition studies (q.v.) are made easier. 
The details of this technique are described hereafter. 


Plasma clearance 


To avoid urine sampling, which is time-consuming and 
imprecise, one can make the assumption that the plasma 
disappearance perfectly matches urinary appearance. To gain 
precision, one then loses accuracy because extrarenal clear- 
ance may make this assumption invalid. However, in practice, 
the glomerular tracers used have only a very small extrarenal 
clearance so plasma clearances perform very well, except for 
very low GFR or in cases of oedema or ascites where the 
extrarenal clearance can no longer be neglected in compari- 
son with GFR. 


Continuous-infusion, plasma clearance 


The principle of this technique is the same as for urinary clear- 
ance, except that the output urinary flow U x V is estimated 
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from the pump flow, hereafter referred to as R. This assump- 
tion is reasonable when the tracer is at a steady-state, i.e. 
when the plasma concentration has reached a plateau. At this 
time, the input R is perfectly compensated by the output UV. 
The clearance is then simply given by: 


c=- (5) 


The general principle is therefore to sample plasma until a 
plateau is reached and then to determine the plateau level P. 
The pump should be calibrated in flow and, most impor- 
tantly, have a constant flow. The specific activity of the infused 
solution should be determined. To save time in reaching the 
plateau, a priming activity is injected as a bolus before 
infusion. The following recommendations apply: 


e no special hydration (avoid dehydration); 

e prepare a solution of tracer diluted in glucose solution 
(5%), typically 500 ml; 

e determine the product of the specific activity of the 
solution and the pump flow by ‘infusing! several (typically 
four) counting tubes with a typical volume of 3 ml given 
by the pump; 

e priming activity (suggested 22 kBq/kg BW); 

e infusion with a precision pump (suggested at 7 kBq/ 
(ml/min GFR) as predicted by creatinine); 

e start plasma sampling after 90 minutes, continue at least 
4 h, typically with a plasma sample every hour; note that 
no special care on time is required because only the 
value of the plateau is sought. 


As an example, if the standard counting tubes (3 ml) give 
300 000 cpm, the specific activity of the solution is 
100 000 cpm/ml. If the infusion rate is 30 ml/h (0.5 ml/min), 
the activity is infused at a rate R = 50000 cpm/min. If the 
plateau is measured at 500 cpm/ml in plasma, the final clear- 
ance Is: 

R _ 50000 cpm/min 


an ae 


= 100 ml/min (6) 


This technique has several advantages, the first of which is 
that nearly no methodological error is possible. It is therefore 
very robust. It also provides good precision and makes 
baseline and test condition studies possible. For this, the 
baseline clearance is determined, then a new plateau is 
sought after the stimulation, 

The drawbacks are that the patient must stay at least 4 h 
with the infusion line and that potential impurities may 
accumulate over time in the plasma and bias the method. 
Also, due to less-permeable compartments, plasma clearance 
may overestimate urinary clearance.'° It is frequently consid- 
ered to be cumbersome; however, it requires no precise time 
determination and the calibration of the injected activity is 
made much easier and more reliable than for single-shot 
plasma clearance. Finally, in our institution, trained nurses 
consider it no more demanding than single-shot techniques. 


Bolus-injection, plasma clearance 

This technique, the most widely used, comes last because its 
theory is more complex. Reordering equation (1) and making 
it time-dependent results in: 


C x P(t) = UE) x Vit) (7) 


After integration: 


cf p-f w (8) 


Considering that there is no extrarenal clearance, the total 
activity found in urine corresponds to the injected activity Q: 


[ wee (9) 
o 
Therefore: 
-Ql 
C= FEP (10) 


The plasma clearance is therefore the ratio of the injected 
activity to the integral of the plasmatic concentration over 
time, i.e. the area under the plasma-time activity curve. Both 
these values must be determined. 


Determining the area under the plasma-time 
activity curve 

The continuous plasma-time activity curve needs to be 
sampled. To interpolate between the sampling points and to 
extrapolate to the infinite, a mathematical model is required. 
Compartmental theory indicates that in many cases, the sum 
of two exponentials is a good model: 


P(t) = Axe + Bx eb (11) 
The clearance is then:!! 


c=q> (12) 


a j B 
The function described in equation (1 |) has four parameters. 
A theoretical minimum of four blood samples is therefore 
necessary to assess it. In practice, because of statistical errors, 
at least six to eight samples should be taken between 5 and 
10 minutes and several hours after injection. 

To alleviate the burden of many samples, many simplified 
techniques were proposed. Instead of using a model with 
two exponentials, one possibility is to consider only the late 
exponential (the first one corresponds to the time to nearly 
reach a steady-state between plasma and interstitial fluid). For 
this, sampling must start after 90 min and only two samples 
are necessary (more can be done). The model for the plasma 
time-—activity curve becomes: 
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Pt) = B xet (13) 
The clearance is then: 
QB 
== 14 
c= (14) 


Neglecting the first exponential induces an underestimation 
of the area under P(t) and, therefore, an overestimation of 
the clearance. To compensate for it, Chantler*'? proposed 
using a linear correction (note that Chantler's and Brochner— 
Mortensen coefficients are different for children): 


c= É x093 (15) 


However, the area due to the first exponential is fairly 
constant, whatever the GFR, so the relative error is more 
important for high GFR (when the area is small). To take this 
into account, Brochner—Mortensen’? introduced a parabolic 
correction, which has to be applied after scaling by BSA: 


Coorected = 0.99 x C — 0.0012 x C? (16) 
2 
where C = oP x oe 


However, this parabolic correction is not suitable for deter- 
mining very high clearances in hyperfiltration. Indeed, this 
formula intrinsically precludes finding any value over 
204 ml/min. Even if such values are clearly outside usual 
ones, this strongly suggests that extrapolation with this 
formula deviates from true GFR for high values. 

A variant of this method was proposed by Russell using 
two samples:'4 


C= ie In (P/P) 


t= t 


xep ( In P(t) — ty In Di (17) 


ht 


This formula, which seems complex, can be simplified if one 
considers a single-exponential model, as in eqn (13). It is 
easily shown that: 


eee: (18) 

ae ( In a - A In =) aa (19) 
So eqn (17) can be simplified: 

C= el (20) 


and it becomes very similar to eqn (15). Russell's two-sample 
method can therefore be considered as another compensa- 
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Figure 3.2 Effects of corrections for single-exponential 
techniques. 


tion for neglecting the first exponential. Thus it is applicable to 
single-exponential techniques with more than two points. In 
fact, Chantler's and Russell's methods are very similar 
whereas Brochner—Mortensen gives significantly lower values 
at high GFR (see Figure 3.2). 

Most of the other methods are single-sample methods 
where the area under the curve is estimated from a single 
point. The technique proposed by Christensen and Groth,'° 
which was chosen by international consensus, is based upon 
an assumption on extracellular volume. It was published as an 
iterative calculation. However, Watson demonstrated that 
the same result could be reached from the solution of a 
second-degree equation.'® For this, the first step is to 
estimate ECV from BSA: 


ECV = 8116.6 ml/m? x BSA — 28.2 ml (21) 


Then, one must calculate the parameters of the second- 
degree equation: 


a = |.710% min? x t? — 0.0012 min! xt 
b = -7.75107 min? x t? + 1.31 min! xt (22) 
c = ECV x In oa 

V(t) 


and solve the equation with: 


_b-+ Vb? — 4ac 
2a 


G ml/min (23) 
This technique can be used for any sampling time. 

Other methods are empirical and formulae for the most 
common ones are detailed in Table 3.2. 
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Table 3.2 Most commonly used empirical methods with a single sample (distribution volumes are expressed in 


litres, GFR is expressed in ml/min). Time + is given in minutes 


Author Sampling time Formula* 

Russell’ Variable GFR = (-0.278 XTE 119.1 + 2 | x In[V_(A} + (0.046 x tł- 400.2 - Ea 
(one sample) 

Morgan” 3h GFR = -23.92 + 2.78 x Vp (180 min) — 0.0111 x Vp (180 min)? 

Constable’? 3h GFR = 24.5 x VV,(180 min) — 6.2 — 67 

Fawary'? 3h GFR = 31.94 x VV,(180 min) + 16.92 — 161.7 


*Here, for Russell's formula, the coefficients were adapted to match distribution volume expressed in litres (instead of millilitres as in the original 


publication). 
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Figure 3.3 GFR values given by various formulae for a single 
sample taken at 3 h postinjection. The Christensen and Groth 
formula cannot be easily depicted here because it depends 
on BSA. 


Figure 3.3 shows that, for a large range of values, the differ- 
ent formulae give similar results. Major differences can be 
seen only for very high values and very low values (where 
single-sample techniques are not recommended). Here 
again, the lower the expected GFR, the later should be the 
plasma sampling, ideally ranging from about 2 hours for 
normal function up to about 24 hours for severe renal 
failure.” However, among single-sample methods, only 
Christensen and Groth's and Russell's make it possible to 
choose time sampling. 

Single-sample methods are simple and they have proven 
accuracy. However, they rely on the exact determination of 
the injected dose and any error in this determination will 
induce a similar error in GFR. An advantage of a mono- 
exponential method over single-sample methods is therefore 
that determining the distribution volume (which is of the 
order of the extracellular volume) may help to detect errors 
in the determination of the injected activity. Normal values 


Table 3.3 Normal values for extracellular volume 
(ECV) in I/kg, W being body weight (kg) and A age (yr) 
Author 


Tracer Value 


Pierson?! Sulphate ECV = (0.47 — 0.0014 x A) x W for males 
ECV = (0.451 — 0.0021 x A) x 


W for females 


ECV = 0.149 x W + 5.15 for males 
ECV = 0.140 x W + 4.77 for females 


Froissart?? EDTA 


Sulphate 
Bromide 


ECV = (0.186 + 0.039) x W 
ECV = (0.16 + 0.30) x W 


Ernest? 


for ECV, found in Table 3.3, vary greatly between individuals 
and within the published data. Comparing the apparent distri- 
bution volume to these normal values can help to detect 
gross errors (Table 3.3), 

Whatever the technique, time sampling depends on renal 
function: the higher the function, the faster the tracer disap- 
pears from the plasma and the earlier must the plasma 
samples be taken.” In practice, it is recommended that the 
function first roughly estimated by a formula using plasma 
creatinine (Cockcroft and Gault”? or MDRD*; see Chapter 
2); then for an estimated normal function, the last sample 
taken at 3h postinjection is sufficient. For mildly impaired 
function, one should wait for 4—6 h; for severely impaired 
function, the last sample should be taken the following day. 
In practice: 


e the patient should be at relative rest, not undertaking 
heavy exercise; 

e the patient should not eat meat just before or during the 
test; 

e no special hydration is needed (avoid dehydration); 

e the injected activity must be determined in comparison 
to a standard (see below); 
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e — the injection must be performed strictly intravenously, as 
a bolus; time must be recorded with precision; 

e plasma sampling should be performed on the arm 
contralateral to the injection site; time should be 
recorded with precision; 

e sampling time(s) depend(s) on the chosen method (see 
Table 3.2). 


Determining the injected activity 

Determining the injected activity is a key point for plasmatic 
methods because any error induces the same error in the 
determined value of clearance. In all cases, the injected activ- 
ity is compared to a standard. For this, two volumes are 
prepared from the same stock solution of radiotracer: one is 
injected into the patient and the other is diluted into a vial of 
precisely known volume (typically 250 ml), which can be 
considered as a reference patient (of known distribution 
volume and null clearance). Samples are then taken from this 
vial and counted in a well, just as plasma samples are counted. 
To compare the amount injected into the patient and the 
amount put into the standard, three techniques can be used: 
mass, volume or activity. 

The mass method consists of weighing both the patient 
and standard syringes before and after injection to determine 
the injected weight. Care must be taken not to change the 
needle and cap on each syringe, or to rinse or aspirate blood 
into the syringe lest gross errors be induced. 

The activity method consists of externally counting the 
syringes before and after injection. Care must be taken to 
keep strictly the same geometry of counting. For high activi- 
ties of ”"Tc, an activimeter may be enough. In other cases, a 
sufficiently sensitive device must be used. 

For the volume methods, a sterile graduated pipette is 
used to insert a known volume of solution into a syringe. 
Another pipette is used for the standard. After injection, the 
syringe and needle, as well as all the injective devices (such as 
catheters) are rinsed into a known volume of solution. An 
aliquot of this solution is counted and the determined activity 
is subtracted from the activity initially inserted into the syringe. 
Finally, the difference is compared to the volume in the 
standard. 

For these methods, recommendations and prepared 
charts can be found in the international consensus. ' 


Baseline and test condition 
studies 


To perform baseline and test condition studies, only urinary 
techniques or plasmatic continuous infusion can be used. This 
is useful to assess the glomerular filtration reserve during an 
infusion of neoglucogenic amino acids or dopamine or both.” 
The maximum effect is usually obtained after 1-2 hours of 
infusion. The effect of conversion enzyme inhibitors can be 
assessed in the same way. 


External detection 


To avoid plasma or urine sampling and injected activity 
calibration, several techniques were proposed to measure 
the absolute function directly by camera only, among which 
the most widely known is the method of Schlegel”??? adapted 
by Gates.” The principle of all these methods is to assess the 
kidney uptake as a fraction of the injected activity. Authors 
claimed that these techniques were able to measure relative 
and absolute function at the same time. Though attractive, 
camera-based methods are not precise and the best known 
among them, the Gates technique, is even less precise than 
creatinine-based formula.’'°’ Other methods with better 
accuracy’ *° have been published but none of them has 
proven reliable enough to replace clearances. Using trans- 
mission maps‘! may improve these methods, especially for 
high GFR values. However, it is not recommended that these 
techniques are used, at least until serious validation is 
published (most of the evaluations of the publications claimed 
only correlation — not agreement — with a reference, which is 
not sufficient®). 

Another published approach was to use the absolute 
uptake of *'"Tc-DMSA to assess renal function.** This 
approach is flawed and can lead to erroneous conclusions 
(see Figure 3.4). 
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Figure 3.4 Illustration of the error made when considering 


that absolute DMSA uptake can determine renal function (the 
values are simplified for clarity; a more precise model can be 
found elsewhere**): at the plateau, the injected activity is 
either taken by one or othe of the kidneysr or by another 
organ. When removing one kidney, the same amount of 
tracer is divided into two parts instead of three so, even 
without any functional compensation, the uptake of the 
remaining kidney increases just because more tracer is 
available. 
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To monitor relative and rapid changes of GFR over time, 
the use of an external probe can, however, be recom- 
mended.‘ No value of GFR is provided but this method 
shows variations in GFR (given by the variations of the slope 
of recorded activity over time). This may be especially useful 
in intensive care units. 


Patient scaling 


In adults, GFR is usually scaled to body surface area (BSA). In 
1916, Dubois and Dubois published a formula to calculate 
the surface of skin based on morphological data.*” This 
formula was derived from morphological parameters deter- 
mined on a few individuals. Since then, other papers were 
published improving this formula. BSA has become a standard 
to assess body dimension, mixing weight and height to scale 
physiological parameters and to adapt drug doses. 

Several formulae are available to estimate BSA. The classic 
formula by Dubois and Dubois was devised nearly a century 
ago on eight adults and two children.*” Other formulae were 
published with more numerous samples (see Table 3.4). 

Scaling is especially important for children (see Chapter 4) 
and overweight subjects. It is carried out using the following 
formula: 


1.73 m? 


FRogm = GFR 
GI ‘norm. G raw BSA 


(24) 

Body surface area has been used for many years both to 
normalize physiological parameters and to calculate doses of 
drugs (e.g. in chemotherapy). It may seem surprising that the 
surface of the skin is commonly used for such purposes. 
Indeed, to our knowledge, no strong physiological evidence 
for this use has been shown and using BSA for this purpose is 
questioned.*?°5 Because of this, it was suggested that 


Table 3.4 Formulae for body surface area (BSA) 
expressed in m°. Here, H refers to height in cm and W 
to body weight in kg 


Authors Formula 


Dubois and Dubois?” BSA = 0.007184 x H°7% x W428 


Gehan and George“ BSA = 0.02350 x H°4?74 x 051456 


Haycock’? BSA = 0.024265 x H°9%4 x 05378 
Boyd’? BSA = 0.0003207 x H°? x 
(1 000 x A — 0.0564 x log; W 
Mosteller?! BSA = = 
60 
Livingston®? BSA = 0.1173 x W046 if W >10 kg 


BSA = 0.1037 x W04% if W <10 kg 


normalizing GFR to extracellular volume (ECV) would 
be more physiologic.’ It was therefore claimed that, in a 
single-exponential model, ECV is given by Q/A, GFR is given 
by Qo/A and therefore GFR can be expressed in terms of 
ECV as œ, which is the inverse of a time constant. This 
approach would solve the normalization problem and make 
it easy to resolve the difficulties in determining the injected 
dose. However, such an approach does not take into consid- 
eration that the single-exponential model is not realistic, so 
Q/A and Qo/A are only rough approximations for ECV and 
GFR. The errors do not compensate for each other and, in a 
two-exponential model (see equation (1 1)), the ratio is not 
merely given by & but by: 

GFR _ aß a + m 
ECV aB + B'A 
A second argument against this approach is that a small error 
in one of two samples would be compensated for when 
calculating GFR but not when calculating GFR/ÆCV.* 
Moreover, ECV may not be such a good parameter to scale 
GFR because: (1) GFR does not physiologically adapt to ECV 
changes; (2) GFR does not regulate ECV; and (3) ECV may 
vary rapidly in some circumstances, with no similar variation 
in GFR. (For instance, a patient in heart failure receiving 
diuretics will have a major decrease in ECV, but no change 
in GFR in the absence of functional renal failure. Using 
GFR/ECV would give the false impression that renal function 
is improving with diuretics. This effect would be much less 
visible with BSA because the change in weight does not affect 
BSA as much as it affects ECV (in an average adult, a loss of 4 
of fluid would result in a -25% change in ECV but only a 
—2% change in BSA).) A similar approach was proposed for 
use with external detection ('FUR' or ‘fractional uptake 
rate').°’ Another publication suggested using only the slope to 
determine GFR.*° To our knowledge, no evaluation of this 
method was published afterwards but, at least in our experi- 
ence, it does not perform well and we do not recommend 
this approach. Finally, though it is probably imperfect, we 
suggest keeping the classical normalization by BSA. 


(25) 


Which method 


Among external techniques, dynamic gamma-camera 
methods (such as Gates') are even less precise than creati- 
nine-based methods; static methods (DMSA) are both 
imprecise and inaccurate; external probe techniques (Rabito) 
are efficient for monitoring changes but cannot assess 
absolute function. We do not recommend their use to deter- 
mine absolute renal function. We do reiterate, however, that 
gamma-camera techniques are the technique of choice to 
determine the relative renal function. 

Urinary techniques are cumbersome, very accurate, but 
they lack precision. Plasma clearances are precise and have a 
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decent accuracy. Among plasmatic techniques, the multi- 
sample technique is cumbersome and should now be 
reserved for validation studies. The simplest technique, 
namely the plasma clearance after bolus injection with a single 
sample, is applicable in many cases with both good precision 
and accuracy (about 5 ml/min).2!7°?7°? 

In the determination of the optimal method to assess GFR, 
a few questions arise: 


e does the patient have oedema, ascites or third space? 

e what is the expected renal function (as roughly estimated 
by Cockcroft and Gault or MDRD formulae) (see 
Chapter 2)? 
e is robustness critical? 

is it for research purposes? 

is a comparison between baseline and test conditions 
(such as ACE test or assessment of the functional 
glomerular reserve) considered? 

e is hyperfittration considered? 


If the patient has oedema, ascites or third space, urinary 
clearances are mandatory (by bolus injection or continuous 
infusion or even after subcutaneous injection). 

If the expected GFR is below 30 ml/min, a mono- 
exponential technique with late sampling (up to 24 h) should 
be considered. Between |5 and 30 ml/min, Christensen and 
Groth may still be acceptable.°° 

If a baseline period followed by a test period must be 
performed, the only way is to use a continuous infusion 
technique. 

If robustness is critical (for example for a kidney donor), it 
is advisable either to use the continuous infusion technique or 
to combine plasma and urinary clearance. 

For research purposes, it is advisable to use multisample 
methods or continuous infusion. 

In any other cases, a single-shot, simplified, plasma clear- 
ance performs well. Among the multiple variants, the inter- 
national consensus! selected the Christensen and Groth” 
technique with only one sample. It is simple and accurate. 
The drawback of this technique is that any error in the 
injected activity induces a similar error in GFR, with no possi- 
bility of detecting it. 

To avoid this problem, a single exponential can be used. 
This is the choice of the British Nuclear Medicine Society. 
Claiming that the international recommendation is 'inade- 
quate’®'** seems, however, overstated. When using the 
single-exponential approach, the Brdéchner—Mortensen 
correction is recommended, except when there may be 
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4 Measurement of GFR in children by 
means of radionuclide techniques 


Amy Piepsz, Hamphrey Ham 


Introduction 


The question arises whether radionuclide techniques can be 
useful in children for the determination of overall renal 
function, The answer is dependent on several factors: 


e Does the radionuclide technique offer an accurate 
measurement of renal function for the whole range of 
clearance values? 

e Does it represent a noninvasive approach, friendly to the 
child, delivering a rather negligible amount of radiation 
and resulting in an acceptable cost for the society? 

e Does it provide information which cannot be given by 
the nonradioactive measurements, and is it significantly 
more accurate than these traditional methods? 


This chapter will consider these different points and will try to 
demonstrate that radionuclide plasma clearances, specifically 
tailored to the child, may offer to the clinician an interesting 
tool in the daily practice of nephro-urology. 


Gamma camera or plasma 
samples 


There is no doubt — and this has been extensively developed 
in several chapters of this book — that gamma cameras can 
provide accurate estimation of relative function and renal 
drainage, for each kidney individually. Beside relative function, 
camera methods allowing estimation of absolute single kidney 
clearance are also available. They are based on the amount of 
tracer taken up by the kidney and expressed in percentage of 
what has been injected or what has reached the plasma. 
However, factors such as background correction, inaccuracy 
of plasma curves derived from heart structures, estimation of 
kidney depth and correction for attenuation, all contribute to 
some degree of inaccuracy. Plasma sample clearances are 
definitely more accurate.' It is therefore not surprising that 
until now no guidelines have been produced related to 
gamma camera clearances. This chapter will be devoted 
exclusively to plasma sample methods. 


Glomerular or tubular tracers 


Several complex as well as simplified algorithms have been 
produced for both glomerular and tubular tracers and are 
extensively used in clinical practice. It has been shown 
however (see Chapter |) that parenchymal function is better 
represented by the glomerular filtration rate than by tubular 
clearance, the latter being heavily influenced by some 
extrarenal factors such as salt load, level of hydration, pH of 
urine, level of stress, etc. These factors may be responsible 
for a lesser degree of day-to-day reproducibility when dealing 
with tubular tracers.’ 

We will therefore, in this chapter, focus essentially on the 
determination of glomerular filtration rate. 


Tc-99m DTPA or Cr-51 EDTA 


Both tracers can be used for the determination of GFR and 
the correlation between EDTA and DTPA clearance is excel- 
lent.? However, the binding between chromium 51 and 
EDTA is better than the chelation of Tc-99m on DTPA, while 
the protein binding of DTPA seems higher than to EDTA, 
although this point remains controversial.’ It has been shown 
that filtered and unfiltered DTPA blood samples result in quite 
different clearances.’ We have personally experienced during 
DTPA renography in children some accumulation of tracer in 
the stomach, as well as late diffusion of the tracer into the 
joints. 


Radiation burden 


For Cr-5| EDTA, the effective dose is approximately 
0.011 mSv/examination regardless of the age of the child, 
providing that the dose is adapted according to body weight. 
This is at least one hundred times less than the radiation 
burden related to an intravenous urography, which, in 
favourable conditions, results in an effective dose of | mSv. In 
cases of poor renal function (10 ml/min/|.73 mô, the radia- 
tion dose is twice as high. 


32 Functional Imaging of Nephro-Urology 


For 99mTc-DTPA, the effective dose is approximately 
0.1 mSv/examination.® 


Methods 


We will successively consider, for paediatric applications, the 
different modalities of plasma clearance estimation using 
glomerular tracers and single shot techniques: the multiple 
blood sample technique, the slope-intercept method, the 
single sample method and the slope method. 


Multiple blood sample technique 


This methodology has been extensively described in Chapter 
3. 

The technique is nowadays considered as a reference 
technique for the determination of GFR, comparable to inulin 
clearance, despite some well-known methodological limita- 
tions and assumptions. Considering the paediatric point of 
view, the main limitation is related to the number of blood 
samples needed to define accurately the entire plasma curve. 
Placing a permanent venous catheter during the test might 
solve this difficult constraint, although such a procedure is 
dependent on sufficient calibre of the vein. Moreover, those 
using this technique have experienced difficulties in getting 
blood through the catheter rapidly enough, thus introducing 
uncertainties related to the plasma concentration as well as to 
the exact time of sampling. In a recent multicentric study in 
children,’ several patients' data had to be deleted, because of 
inaccuracies in the timing of blood sampling particularly for 
the initial values, when the plasma disappearance slope is 
very steep. 


Slope-intercept method 


It is based (see Chapter 3) on the fact that the early exponen- 
tial may be neglected, insofar as a correction factor is intro- 
duced. As a matter of fact, the clearance is overestimated if no 
correction is introduced and the overestimation, expressed 
in percentage of the clearance, increases when clearance 
increases. 

The technique is the same as the one applied to adults. 
After intravenous injection of the tracer, blood is taken at 
approximately 2 and 4h, allowing the determination of the 
late slope of the plasma disappearance curve. The distribution 
volume is obtained by dividing the injected dose by the inter- 
cept of the slope on the y-axis. Clearance is equal to the 
distribution volume multiplied by the slope. 


It is mandatory that the exact time of blood sampling 
should be noted. If the counting and dilution are performed 
by an experienced technologist, no additional blood sample is 
needed between 2 and 4 h. It has been demonstrated? that, 
in order to improve significantly the accuracy of the slope, 
one should add at least 13 blood samples between 2 and 4 h. 
There is therefore no real advantage to adding one or even 
two blood samples. 

Two correction factors, adapted to the child, are available 
and allow to correct for having neglected the early exponen- 
tial. One has been calculated by Chantler’ in a series of 
children having undergone a clearance measurement by 
means of a reference method (amount excreted in the urine 
divided by plasma concentration). It is a constant factor, by 
which the obtained clearance should be multiplied. 


Cl, = 0.87 x Ch 
Cl, = clearance corrected for the first exponential 
Cl, = noncorrected clearance 


The other one has been developed by Bréchner— 
Mortensen!’ and takes into account the fact that the factor is 
theoretically increasing when clearance increases. The 
equation of correction is therefore quadratic. 


Cl, = (1.01 x Cl) — (0.0012 x Cl,’) 
Cl, = clearance corrected for the first exponential 


Cl, = noncorrected clearance 


The possible drawback of the latter correction factor is the 
fact that the equation has been established on the basis of 
reference clearance values not higher than 130 ml/min. For 
higher clearance values, the correction factor results in an 
underestimation of the true renal clearance. 


Single blood sample clearance 


It is a significant simplification, for those who are dealing with 
children, to use one blood sample instead of two. This type 
of clearance is however derived from an empirical formula, 
and is different for adults and children. Since only one single 
blood sample is available, one can only calculate a ‘distribution 
volume’, in other words a ratio between injected dose and 
plasma concentration at a given time. The only way to trans- 
form such a ratio into a clearance value is to construct an 
abacus, in which a reference clearance is plotted against this 
‘distribution volume’. If a sufficiently large number of patients 
is selected, covering the whole range of ages and clearance 
values, then it is possible to derive an equation relating both 
parameters. However, the relation between slope intercept 
clearance and ‘distribution volume' is a complex one and it is 
obvious, from the equations describing the two methods, 
that the single blood sample clearance cannot, by definition, 
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be valid for the whole range of clearance values'' and is not 
applicable to low clearance values. 

Several algorithms have been developed for the child. 
Groth and Aasted'* based their method on an empirically 
estimated distribution volume of Cr EDTA. Others have 
published algorithms applicable to both adults and 
children.'?'* Although theoretically comfortable, this last 
approach represents a compromise resulting in less accurate 
results then with an algorithm adapted to the child. 

Ham and Piepsz'° have directly compared the plasma 
concentration at 2 hours with the clearance calculated using 
the slope-intercept method. From this comparison, they 
derived an equation which can be applied whatever the age 
of the patient, the coefficient of correlation between both 
parameters being close to |.0 for all age groups. 


GFR = 2.602 V,» — 0.273 


where 


Dose 


V = 
120 Poss 


A2 being the plasma concentration at 120 min. 

The blood sampling can be performed anywhere between 
| 10 and 130 min, providing that the exact time (t) of sampling 
has been precisely indicated and that the following correction 
has been introduced: 


Aiz = Ap « 2 (0.08Xt = 120) 


The final result has to be corrected for body surface. 

The validity of the method has been established by apply- 
ing the method to a second large group of children. In this 
control group, the correlation between both methods was 
close to the identity line, allowing to use the concentration at 
2 h to predict the clearance with the slope-intercept method 
(Figure 4. |). The method has been tested from 0 to |5 years. 
Recently, it has been shown that one can use the same 
algorithm for patients between |5 and 30 years. It should be 
underlined again that the method is not valid for clearance 
values below 30-35 ml/min/|.73 m°. Therefore, any patient 
referred for a clearance measurement, and having a history of 
chronic renal failure or a clearly abnormal plasma creatinine 
value cannot benefit from the single sample clearance 
method. 


Slope method 


It has been proposed, instead of using the slope-intercept 
method or the single-sample method, to limit the test to the 
determination of the slope by means of three blood 
samples. '° 

The advantage of this method is that one gets rid of the 
measurements of the injected dose and the measurement of 


the standard of the dose. Moreover, no body surface correc- 
tion is needed since the clearance, using this method, is 
automatically calibrated by means of the distribution volume 
of the tracer: 


Clearance = slope x distribution volume 


Slope = clearance/distribution volume 


The slope is therefore the rate by which the tracer is elimi- 
nated from the distribution volume of the tracer. 

In our opinion however, the disadvantages are obvious. 

When using the slope-intercept method, an error on the 
slope is more or less compensated by an inverse error on the 
distribution volume. On the contrary, using the slope only, 
the error on the slope constitutes the error on the final result. 
This explains why the slope method is less reproducible than 
any method of clearance measurement. |” 

The second disadvantage of the method is the number of 
blood samples to be taken: for those in favour of the method, 
fitting a slope on three blood samples is sufficient, providing 
that the correlation coefficient on the fit is at least 0.99. 
However, five blood samples at least are needed in order to 
reach the same accuracy as for the slope-intercept method. 
This constraint limits the use of the method when applied to 
children. 

The advantage of correcting the clearance for age by 
means of the distribution volume of the tracer instead of the 
body surface is strongly debated. Indeed, the distribution 
volume used, when considering the slope method, is not a 
true physiological one, close to the extracellular volume, but 
simply a mathematical interpolation of the slope. There is no 
true evidence that one correction is superior to the other. 

Finally, one has to take into account the fact that the clini- 
cian is familiar with the concept of clearance, expressed in 
ml/min. It is hard to believe that he would be prepared to 
abandon this parameter and to adopt instead the concept of 
a simple rate. 


Quality control 


No special difficulties are related to the determination of 
radionuclide clearance by means of blood samples, providing 
that some minimal precautions are taken. The measurement 
of dose, standard of dose, dilution of the standard and 
measurements in a well counter of both the patient's plasma 
and the dilution of the standard, are simple and accurate 
measurements, which, in the hands of an experienced 
technologist, should not result in significant errors.° On the 
other hand, one should be sure that the exact time of 
sampling has been noted and not some approximation of the 
time, which could significantly affect the final result.2 When 
using the slope-intercept method, the distribution volume, 
obtained by interpolating the slope, is usually between 
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Figure 4.1 Using the linear converting equation obtained from the whole basic group (GFR = 2.602 Vix — 0.273), the Viz in the 
test group was converted into an estimate of GFR. Figure 4.1 shows the correlation between this estimate and the corresponding 


two-blood sample GFR. For all age groups, the linear correlation function re 


ating this parameter and the two-blood sample 


clearance was close to the identity line with high coefficient of correlation and low s.e.e. (With permission from reference 15.) 


20-35% of body weight. Any value below 15% or higher 


than 40% should raise a suspicion of error. 


One argument against the single sample method is the fact 
that no such quality control is possible, since only a plasma 


concent 
method 


ration and a dose are available. Recently however, a 
has been proposed and validated in children, allowing 


to circumscribe this difficulty.'® One can artificially reconstruct 


three different slopes, by considering, on the y-axis, three 
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different distribution volumes corresponding respectively to 
20, 25 and 30% of body weight and by joining these values to 
the plasma concentration at 2 h. Three artificial slope-inter- 
cept clearances can then be calculated and compared to the 
single sample clearance. It has been demonstrated that, when 
the maximal difference between each of these artificial clear- 
ances and the single sample clearance is higher than 
10 ml/min/|.73 m?, one can suspect an error either on the 
injected dose or on the plasma concentration at 2 h. 


Day-to-day reproducibility of renal 
clearance 


The day-to-day reproducibility of GFR measurement by 
means of plasma sample method has been tested in both 
adults and children*'*° and has shown a mean reproducibil- 
ity around 6% (SD of the individual differences). 

A difference of 10 ml/min/!.73 m? or more between two 
successive examinations can therefore be considered as a 
significant change. 


Normal values 


Getting normal values in children, while these values are 
changing in function of age, represents a major challenge, 
since nothing such as real normal values can be obtained, 
because of evident ethical reasons. 

Some ‘normal’ values have been published.*! They were 
selected retrospectively, on the basis of a simultaneous Tc- 
99m DMSA acquisition, showing a normal left-to-right ratio 
(between 45-55%) and normal parenchymal imaging. The 
reason for performing the examinations was the detection of 
scars 6 months after acute urinary tract infection. In some 
patients, the tests were performed during the acute phase of 
infection, because at that time the authors were not aware of 
the fact that significant hyperfiltration can be transitorily associ- 
ated with acute infection.” Some of these estimated normal 
values might therefore be overestimated and, because we 
were dealing with patients and not with normal children, 
some others might be underestimated. 

From the published data, it appears that normal values, 
corrected for body surface, are increasing with age during 
the first 2 years and remain stable afterwards until the adult 


References 


period. Since body surface correction is an imprecise 
method, subjected to individual fluctuations of weight, one 
reasonable option for the future could be to present the 
normal values without correction for body surface and to 
determine, like for the children's growth charts, the normal 
percentiles in function of age. 


Clinical advantages compared to 
traditional nonradioactive methods 


Compared to creatinine clearance, the main advantage of 
radionuclide methods is that there is no need for urine collec- 
tion, which, in routine situations, represents a main source of 
precision errors. 

Compared to plasma creatinine and derived algorithms, 
they are (as shown in Chapter 5) much more accurate, the 
creatinine-derived algorithms giving rise to extreme errors 
in about one out of four determinations. It is for instance 
obvious, from the nonlinear relation between plasma 
concentration and clearance, that up to half of the renal 
function can be lost before any significant increase in plasma 
creatinine occurs. 

One important tool for a nephrologist is to be able to 
detect the first signs of renal function impairment, particularly 
in the monitoring of nephrotoxic drugs. This is a major role 
of radionuclide methods, as demonstrated by those clinical 
centres who are using them extensively. Hyperfiltration, as 
can be observed for instance in juvenile diabetes, can best be 
quantified and monitored by these methods. 


Conclusion 


In paediatric patients, two simplified radionuclide methods 
are nowadays available, the single 2-h blood sample method 
and, in cases of clearance below 30-35 ml/min/|.73 m’, the 
slope-intercept method using two blood samples, with the 
specific paediatric correction for having neglected the first 
exponential. 

These methods allow an accurate estimation of GFR for all 
levels of clearance. They provide extremely reproducible 
results. They are noninvasive and easy to perform for both 
the young patient and the physician in charge of the test. 
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Assessment of GFR in adults: the 


point of view of the nephrologist 


Laurent Juillard, Maurice Laville 


Glomerular filtration rate is only one of the several markers 
that describe renal performance. Renal blood flow, tubular 
functions involved in protein and electrolyte reabsorption and 
secretion of xenobiotics, are critical and relevant parameters 
when considering kidney exocrine function. Moreover, 
kidneys are endocrine organs involved in the long-term 
regulation of blood pressure by the secretion of renin and 
other components of the renin—angiotensin system, such as 
control of erythropoiesis by erythropoietin, and of phosphate 
and calcium metabolism by vitamin D hydroxylation. 
Nevertheless, glomerular filtration rate estimated by 
serum creatinine remains the standard marker for renal 
function in a clinical routine, although the relation between 
the two parameters is complex.'? First, the relationship 
between serum creatinine and glomerular filtration rate is 
exponentially inverse (Figure 5.1). Therefore in most 
patients, about 50% of glomerular filtration rate may be lost 
before serum creatinine reaches an abnormal value. Second, 
as creatinine is a degradation product of muscles, its serum 
evel depends on age, sex (Figure 5.2),* and weight, with all 
these parameters integrated into the formulae of creatinine 
clearance estimation.” Plasma creatinine is also influenced 
by protein diet,® calibration of measurement’ and tubular 
reabsorption.'° As a consequences there is no normal value 
of serum creatinine for all individuals, and hence a given 
creatinine value must be always interpreted, and also serum 
creatinine is an insensitive marker for beginning renal failure 
(i.e. chronic renal disease stage 2). Nevertheless, when 
glomerular filtration rate decreases below 60 ml/min, plasma 
creatinine becomes an operational marker for the longitudinal 
follow-up of chronic renal disease in an individual patient, 
even if glomerular filtration rate measurement remains highly 
recommended. |! Different methods for measurement(s) and 
estimation of glomerular filtration rate are summarized in 
Tables 5.1 and 5.2. It must be pointed out that measure- 
ment(s) of glomerular filtration rate by reference methods is 
not easy to perform, when using urine and blood samples 
drawn at precise time intervals, especially in a ‘single shot! 
method that estimates renal function by the disappearance of 
a substance after an intravenous bolus injection. Another 
limitation of the use of plasma creatinine and formulae for 
estimation is for asymmetric renal diseases such as renal 
artery stenosis, unilateral ureteral obstruction and 
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Figure 5.1 The inverse exponential relationship between 
glomerular filtration rate measured with inulin clearance and 
serum creatinine level in adults (personal data). 
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Figure 5.2 Age-related decrease in creatinine clearance 
(Coeat) and urinary creatinine excretion (Verea) with no change 
in plasma creatinine (Perea) iN normal individuals (black 
symbols: men; open symbols: women).4 
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Table 5.1 Methods for clinical use 
e Measurement of GFR: clearances 
Substances 
e Endogenous: urea, creatinine, cystatin C 
e Chemicals: inulin, polyfructosan (with caution for 


allergy) 

e Radiopharmaceuticals: *'Cr-EDTA, °"Tc-DTPA, 
125iothalamate 

e Contrast media: lohexol, 


Models (exogenous substances) 

e Infusion with timed urine collections and plasma 
samples 

e Bolus with plasma samples with/without timed urine 
collections 


e Estimation of GFR: formulas 
Cockcroft and Gault 
MDRD 
Mean of urea and creatinine clearances 


Table 5.2 GFR estimation formulae 


e Cockcroft and Gault (Ref. 5) 
Ccr* = [(140 - age) x weight]/72 x Per (mg/dl) 
Ccr* = [(140 - age) x weight]/0.814 x Pcr (umol/l) 
*ml/min, correct by 0.85 for women. 


e Complete MDRD (Ref. 6) 
GFR* = 170 x Scr°9? x age!” x SUND? x Allp*os!8 
*mi/min/1.73 m?, correct by 0.762 for women and 1.18 for 
blacks. 


e Simplified MDRD (Ref. 11) 
GFR* = 186 x Scr! 154 x age??? 
*ml/min/1.73 m?, correct by 0.742 for women and 1.21 for 
blacks. 


pyelonephritis. The loss of unilateral function will not neces- 
sarily affect plasma creatinine, especially in cases of contralat- 
eral compensation. Functional imaging of the single kidney 
split function (e.g. renal scintigraphy) is mandatory to evaluate 
the performance of a damaged kidney (Table 5.3). 

The growing use of formulae for creatinine clearance 
estimation as a marker of renal function leads to a better 
recognition of chronic renal failure in the general population. 
As a result, patients and general practitioners question the 
possibility of an increased risk for health associated with a 
decline in creatinine clearance, and the need of interventions 
performed to avoid progression of chronic renal failure. '? 
These questions are pertinent as chronic renal failure repre- 
sents an increased risk for end-stage renal disease and also a 
very significant and independent risk factor for cardiovascular 
morbidity and mortality. "> '4 


Table 5.3 Pitfalls of global assessment of renal 
function 


e Contralateral compebsation results in 
Late diagnosis 
Silent aggrevation 
e Unilateral/assymetrical renal disease 
Disease of upper urinary tract 
Hypoplasia 
Obstruction: hydronephrosis, stones 
Pyelonephritis and vesico-ureteral reflux 
Renal vascular disease 
Progressive renal artery stenosis and thrombosis 


Table 5.4 Indications of renal function evaluation: 
estimation (E) and measurement (M) 


e Screen for renal damage: 
General population (E) 
High-risk patients: diabetes, hypertension, elderly, medical 
or surgical history including genetics and professional 
exposures (M) 
Special settings: living kidney donors (M) 
e Follow patients with chronic renal disease: 
Rate of progression, events (M) 
Treatment adjustments (M) 
e Clinical research: 
Intervention studies (M) 


For the nephrologist, an abnormal renal function is a strong 
indicator of renal disease, especially if either prior serum 
creatinine or estimated creatinine clearance values are 
unaltered, or if seen together with clinical signs of hyper- 
tension or oedemas, or biological abnormalities (especially 
urinary abnormalities, such as proteinuria and haematuria) 
(Table 5.4). Therefore, after finding an abnormal creatinine 
or estimated creatinine clearance value during a routine test 
for renal function, it is critically important to recover prior 
results and to run serum creatinine measurements that will 
establish the progression or stability of renal disease. If plasma 
creatinine is stable with no change in lean body mass, inter- 
ventions will be limited to a conservative treatment for renal 
protection, correcting any metabolic abnormalities, and 
reducing increased cardiovascular risk, depending on the 
stage of the chronic renal disease (Table 5.5), However, the 
decreased rate of GFR from the normal range to a value as 
ow as 60 ml/min cannot be retrospectively estimated from 
the previous plasma creatinine data. In the case of a significant 
increase in plasma creatinine, specific evaluations should be 
performed and further investigations such as renal biopsy will 
need to be discussed. 

Renal function measurements are also used to grade the 
severity of renal diseases found by clinical or biological 
abnormalities. For example, after the finding of a micro- 
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Table 5.5 Stages of chronic renal disease 


Stage Description GFR 
(milmin/1.73. m?)* 


1 Kidney damage** with normal GFR 290 

2 Kidney damage with mild 4 GFR 60-89* 

3 Moderate 4 GFR 30-59 

4 Severe | GFR 15-29 

5 Kidney failure <15 or dialysis 


*For at least 3 months. **Abnormalities of BP, urine, morphology, 
pathology. 
K/DOQI clinical practice guidelines (Ref. 11) 


scopic haematuria isolated or associated with a proteinuria 
<0.5 g/24 h, a renal biopsy could be carried out to confirm 
IgA nephropathy only if the results trigger a decision for 
therapeutic intervention; also finding an abnormal renal 
function will be a pertinent indicator for a decision to carry 
out a biopsy. Consequently, it is critical to perform an initial 
accurate renal function measurement to keep as a reference 
during evaluation, especially at the early stage of most 
nephropathies. Thereafter, this initial evaluation will help the 
diagnosis of progressive renal disease and use of therapeutics. 
Moreover, the initial evaluation will be critical to test the 
efficiency of the therapeutics and to help decide whether to 
stop or pursue the use of toxic drugs, such as immuno- 
suppressive drugs or high-dose steroids. 

When the diagnosis of chronic renal disease is established, 
renal function evaluation is mandatory at all stages to initiate 
therapeutics aimed at correcting or preventing the complica- 
tions of renal function loss, mainly anaemia and calcium- 
phosphate metabolism disorders. Finally, renal function 
evaluation should be used at the late stage of renal failure in 
conjunction with the assessment of metabolic abnormalities 
and clinical tolerance in order to decide when to start dialysis 
treatment. After starting dialysis, renal function evaluation 
remains mandatory to measure residual glomerular filtration 
rate. Especially in peritoneal dialysis, renal function estimated 
by the mean of creatinine and urea clearances is critical; the 
clearance could reach a value between 60 and 70 IAveek 
with | ml/min of residual renal function corresponding to up 
to 10 IAweek of the total clearance in peritoneal dialysis.'°'” 

Another field of renal function evaluation is organ transplan- 
tation, especially kidney transplantation. Systematic glomerular 


also on the native kidneys after heart and liver transplanta- 
tion.” Calcineurin inhibitors are efficient drugs but at high risk 
of nephrotoxicity.” In the case of worsening of the renal 
function not related to an immunologic process, another 
immunosuppressive drug can be used.'® Renal function must 
be systematically measured with reference methods before 
carrying out heart and liver transplantations to indicate a 
concomitant kidney transplantation. This situation is particu- 
arly challenging as a significant part of renal function loss may 
be a consequence of relative hypovolaemia or decreased 
cardiac output and therefore potentially reversible.” 

Renal function measurement is the cornerstone test 
before kidney nephrectomy in the living donor.” 
Concomitantly with cardiovascular risk assessment, renal 
function must be measured by reference methods. 
Measurements of renal functional reserve could be recom- 
mended to predict the adaptation capacities of a single kidney 
after nephrectomy. Glomerular filtration rate is measured in 
basal condition and repeated after a rich protein meal or 
amino acid perfusion: these interventions could lead to a 
20% increase in basal value in normal renal subjects. The 
preservation of functional reserve would allow the accep- 
tance of older living donors with a glomerular filtration rate 
below the normal range, corrected for the physiological 
decrease of | ml/min/year, for donors over 40 years of age.” 

For general practitioners, the estimation of creatinine 
clearance by formulae should be systematic before any 
prescription of drugs in order to detect unrecognized kidney 
function impairment, especially in lean elderly women; that is, 
the major population at risk for undiagnosed chronic renal 
disease. However, renal function must be measured before 
the induction of the nephrotoxic treatment and monitored 
systematically during chronic treatment and after a temporary 
treatment with nephrotoxic drugs, keeping in mind that 
plasma creatinine changes allow only the detection of signifi 
cant renal loss (decline greater than 25-50%) with poor 
sensitivity.'' As most drugs have predominant renal elimina- 
tion, dosages should be adjusted when creatinine clearance is 
under 30 ml/min, which is common in elderly patients.””*° 

Currently, the major challenge for optimal treatment in 
chronic renal failure is the late nephrology referral,” denying 
access to early and efficient conservative treatment, a situa- 
tion that could be prevented by systematic screening of 
creatinine clearance. In this regard, the wide diffusion of 
formulae to estimate glomerular filtration rate will be a 
significant advance, if proven interventions for reducing 


filtration rate measurements are man 


datory in the follow-up of 


kidney transplantation to screen for acute rejection and 
chronic graft rejection, in both cases to adjust immunosup- 
pressive therapy.'® Indeed, some drugs given after transplan- 
tation will have an impact on renal function of the graft, and 


progression of chronic renal failu 
cardiovascular complications are a 


re and protecting against 
pplied to patients. Health 


systems organizing screening to prevent chronic renal disease 
will be the price to pay for stopping the chronic renal failure 
epidemic in developed countries. 
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6 Assessment of GFR in children: the 
point of view of the paediatric 


nephrologist 


Jean-Pierre Guignard 


Glomerular filtration rate 
(GFR) 


Glomerular filtration rate is the best estimate of the functional 
renal mass. It is the most widely used indicator of kidney 
function in patients with renal disease. The assessment of 
GFR is of great value in a variety of clinical conditions, since an 
estimate of GFR may be required to rationally prescribe 
fluids, electrolytes or drugs excreted by the kidney. 


Physiology of glomerular filtration 


trafiltration occurs through the permselective capillary wall. 
trafiltration is driven by Starling forces across the glomeru- 
lar capillaries. The glomerular barrier filters molecules on the 
basis of size and electric charges. The molecular weight cut- 
off for the filter is approximately 70 kDa. With a molecular 
weight (MW) of 69 kDa, albumin passes through the filter in 
minute quantities. The glomerular filter is freely permeable to 
those molecules with a MW less than 7 kDa. Filtration of 
proteins, with consequent proteinuria, is increased in a 
number of glomerular diseases associated with the loss of 
negative charges on the glomerular filtration barrier. 


CE 


Concept of clearance 


The most common measurement of GFR is based on the 
concept of clearance, which relates the quantitative urinary 
excretion of a substance per unit time to the volume of 


plasma that, if 'cleared' completely of the same substance, 
would yield a quantity equivalent to that excreted in the 
urine. The clearance of substance (x) is expressed by the 
formula: 


C, = U, . VP, 


where V represents the urine flow rate, U, and P, the urine 
and plasma concentration of the substance x, respectively. 


Markers of GFR 


For its plasma clearance to be equal to the rate of glomerular 
filtration, a marker must have the following properties: (a) it 
must be freely filterable through the glomerular capillary 
membranes; and (b) it must be biologically inert and neither 
reabsorbed nor secreted by the renal tubules. Several 
substances, endogenous or exogenous, have been claimed 
to have the above properties: creatinine, inulin, iohexol, and 
three compounds labelled with radioisotopes: diethylenetri- 
aminepenta-acetic acid (DTPA); ethylenediaminetetra-acetic 
acid (EDTA) and sodium iothalamate (Table 6.1). The exper- 
imental evidence that this is true has only been produced for 
inulin. While inulin is the most accurate marker, creatinine is 
the most commonly used in children. 


Methods available for assessing 
GFR 


A variety of glomerular markers (Table 6.1) can be used to 
assess GFR, using different methods, the principles of which 
are described below. 


Table 6.1 Characteristics of the glomerular markers 

Inulin Creatinine lohexol DTPA EDTA lothalamate 
Molecular weight 5200 113 811 393 292 637 
Elimination half-life (min) 70 200 90 110 120 120 
Plasma protein binding (%) 0 (0) <2 5 0 <5 
Space of distribution EC TBW EC EC EC EC 


DTPA, diethylenediaminepenta-acetic acid; EDTA, ethylenediaminetetra-acetic acid; EC, extracellular space; TBW, total body water. 
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The standard urinary clearance UV/P 


Endogenous markers 

The urinary excretion of the marker is measured over a few 
hours, and tts excretion rate is divided by the plasma concen- 
tration present during the urine collection period. When 
urine flow rate is expressed in ml/min per 1.73 m’, the UV/P 
formula also expresses GFR in ml/min per 1.73 m’. Duration 
of the collection may last from 3 to 24 h. Short periods are 
most suitable in children in order to avoid inaccuracies in 
urine collection. Creatinine is the endogenous marker that is 
used for assessing GFR. 


Exogenous markers 

The exogenous marker is infused at a constant rate over 3 to 
4 hours, in order to achieve constant plasma concentrations. 
To shorten the time of equilibration, a priming dose of the 
marker is administered at the onset of the clearance study. 
When stable plasma concentrations are attained, urine and 
blood samples are collected at regular intervals, and the UV/P 
ratio is calculated. Inulin is the most accurate marker of GFR. 


The constant infusion technique without 
urine collection 


The constant infusion technique!” assumes that the rate of 
infusion of a marker (x) needed to maintain constant its 
plasma concentration is equal to the rate of its excretion. 
After equilibration of the marker in its distribution space, the 
excretion rate must thus be equal to the rate of infusion (IR), 
hence the formula: 


C, = U; . VP, = IR, 


When the flow rate of the test solution containing the marker 
is expressed in ml/min per 1.73 m’, so the clearance is C,. 

To accelerate the achievement of a steady concentration of 
the marker, a loading dose precedes the constant iv infusion. 
The constant infusion method may overestimate GFR if steady 
concentrations of the marker are not achieved when the 
plasma concentration is measured. Depending on the condi- 
tions, the equilibration of the marker within its distribution 
space may only be achieved after several hours of constant 
infusion. In newborn infants, the proportionally greater extra- 
cellular space and the low GFR require a much longer period 
for steady plasma concentrations to be attained. Inulin is the 
marker of choice for this technique, which is usually used 
when urine collection is not possible (see below). 


Plasma disappearance curve (single 
injection technique) 


The plasma disappearance curve is most often used when 
assessing GFR with radionuclides. Infusion of radionuclides for 


several hours is indeed undesirable, and they are best 
reserved for single injection studies in which the radioisotope 
is more rapidly eliminated from the kidney. Commonly used 
markers include ”™Tc-DTPA, °'Cr-EDTA and '™l-iothala- 
mate. Clearance values derived from the plasma disappear- 
ance curve should be analysed critically, the more so in 
patients with reduced GFR, and those with oedema and 
circulatory disturbances. 


Plasma concentration 


The concentration of endogenous markers such as creatinine 
increases when GFR decreases. Several attempts have been 
made to develop reliable methods that will allow a correct 
estimate of creatinine clearance from its plasma concentration 
(Poea) alone, without urine collection. A formula has thus 
been developed to estimate GFR from the child's creatinine 
plasma concentration and height: 


GFR = k x height/P sx, 


where k is a constant, height represents the body height and 
Parea the plasma creatinine concentration. This formula is 
based on the assumption that creatinine excretion is propor- 
tional to body height and inversely proportional to plasma 
creatinine.’ The value of factor k can be obtained from the 
formula k = GFR x height/P.,.4. Under steady-state condi- 
tions, k should be directly proportional to the muscle compo- 
nent of body weight, which corresponds reasonably well to 
the daily urinary creatinine excretion rate. 


Cystatin C 

The serum concentration of cystatin C has been proposed to 
assess GFR.“ There is as yet no convincing evidence that the 
serum concentration of this marker will prove superior to 
that of creatinine in estimating the level of renal function. 


Estimation of GFR in clinical 
practice with different markers 


Inulin 


The marker 
Inulin, a fructose polysaccharide derived from dahlia roots 
and Jerusalem artichokes, has a MW of approximately 
5.2 kDa. It is inert and not metabolized. Evidence that inulin 
in neither reabsorbed nor secreted by the renal tubules has 
been well demonstrated in experimental micropuncture 
studies.”® 
The clearance (UV/P) of inulin is independent of its plasma 
concentration. The renal excretion of inulin occurs exclu- 
sively by glomerular filtration, its clearance is the most 
accurate index of GFR. Estimates of inulin clearance provide 
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Figure 6.1 Inulin clearance as a function of age X + SD. 


the basis for a standard reference against which the 
route or mechanism of excretion of other substances can be 
ascertained. 

Sinistrin is a readily soluble preparation of polyfructosan 
with side-branching (extracted from the bulb of Urginea 
maritima), more suitable for clinical use and readily available in 
Europe. This compound is identical to inulin. 


Inulin urinary clearance 
Inulin or sinistrin urinary clearance (UV/P) is the gold standard 
for the assessment of GFR. In the classical method, inulin is 
administered as a priming dose to achieve plasma concentra- 
tions close to 200-400 mg/l. It is then constantly infused to 
maintain constant levels over the 3-hour clearance study. 

The rise in GFR from birth to adulthood is illustrated 
in Figure 6.1. Mature values of GFR range from 
100-120 ml/min per 1.73 m*. In a study by Koopman in 
adult volunteers, GFR, as assessed by inulin clearance, had a 
circadian rhythm.’ It started to decrease during late after- 
noon or evening, and rose again at the end of the night. The 
mean amplitude of the rhythm was 36 ml/min. 


The constant infusion technique of inulin 
without urine collection 

The constant infusion technique of inulin without urine collec- 
tion yields reproducible results,'? as long as sufficient time is 
given for steady concentrations to be reached.® This may take 
as long as 12 h in adults? and even longer in infants.” During 
the equilibration period, inulin is excreted by filtration, while 
at the same time diffusing into the extracellular space. 
Calculations of the infusion (IR/P) clearance before equilibra- 


years oi Q 


tion occurs thus falsely increase the estimation, yielding values 
of clearance up to 30% above the urinary clearance. The 
shorter the time of infusion, the larger is the overestimation. 
The constant infusion method is useful when timed urine 
collections are difficult or unreliable, such as in small babies, 
children with hydronephrosis, or those with neurogenic 
bladder. 

The result of the study comparing the '3-hour constant 
infusion’ with the urinary clearance of inulin in 60 children 
older than | year showed a significant correlation, but the 
calculated regression line differed significantly from the line of 
identity and the scatter of points was considerable.'° These 
results did not confirm an earlier report by Cole et al? 
demonstrating virtual superposition of inulin clearances values 
generated with and without urine collection. 


Creatinine 


The marker 

Creatinine is the anhydre of creatine, a compound present in 
skeletal muscle as creatine phosphate. It has a MW of | 13. The 
serum creatinine levels reflect total body supplies of creatinine 
and correlate with muscle mass. After an initial decrease during 
the first month of life it increases steadily with age (Figures 6.2 
and 6.3). The excretion rate varies according to body weight 
and age, both reflecting muscle mass (Table 6.2). The renal 
excretion pattern of endogenous creatinine is very similar to 
that of inulin in humans and several animal species. However, 
in addition to being filtered through the glomerulus, creatinine 
is secreted in part by the renal tubular cells. 
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Figure 6.2 Changes in plasma creatinine (A) and urea (B) 
concentrations during the first 100 hours of life of premature 
neonates of variable gestational age. The shaded area 
represents 95% Cis for the mean plasma creatinine or urea of 
all infants. Adapted from reference 56. 


Table 6.2 Plasma creatinine in children 


Age Plasma creatinine Creatininuria 
moll! mg/dl umol/kg = mg/kg 
per day per Cay 
<2 years 35-40 0.4-0.5 62-88 7.1-9.9 
2-8 years 40-60 0.5-0.7 108-188 12.2-21.2 
9-18 years 50-80 0.6-0.9 132-212 14.9-23.9 


Adapted from Garcia Nieto V, Santos F. Pruebas funcionales renales. 
In: Garcia Nieto V, Santos F (eds), Nefrologia Pediatrica. Grupo Aula 
Medica, Madrid, pp. 15-26, 2000. 


The validity of creatinine as a marker of GFR has been 
questioned because creatinine is not only secreted by the 
renal tubular cells, but could also be reabsorbed under 
certain conditions. Such reabsorption has been shown to 
occur in rats'' and dogs at low urine flow rates.'* Substantial 
tubular secretion and reabsorption of creatinine has been 
suggested in humans in relation to the degree of hydra- 
tion,'*''* as well as in very premature infants. 
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Figure 6.3 Box plot distributions showing (A) cystatin C and 
(B) creatinine values (10th, 25th, 50th and 90th centiles) 
across the age groups. The categories of 24-36 and 29-36 
weeks refer to gestational ages of preterm babies. Dotted 
lines indicate 95% confidence interval of adult range. Preterm 
babies born between 24-36 weeks gestation were one day 
old. Adapted from reference 30. 


Overestimation of GFR by creatinine clearance is usually 
more evident at low GFR. Indeed, as GFR falls progressively 
during the course of renal diseases, the renal tubular secretion 
of creatinine represents an increasing fraction to urinary excre- 
tion, so that creatinine clearance may substantially exceed the 
actual GFR. Diffusion of creatinine into the gut may also 
decrease the accuracy of its clearance in uraemic patients. At 
normal plasma concentrations, the amount of creatinine 
entering the gut is negligible. It may become significant during 
renal failure when the plasma creatinine concentration 
increases. '° This phenomenon explains in part why creatinine 
clearance overestimates true GFR in patients with renal failure. 


Measurement of creatinine 

Creatinine concentration in plasma and urine is usually based 
on the Jaffe reaction, characterized by the production of 
an orange-red colour when creatinine reacts with alkaline 
sodium picrate. The method is not very specific, noncreati- 
nine chromogens generating sufficient colour to account for 
0.2-0.3 mg/dl (~30 umol/) of ‘false creatinine’. The inter- 
ference of noncreatinine chromogen obviously is highest at 
the lowest values of creatinine, as present in newborn 
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infants.'° Negative interference by conjugated and unconju- 
gated bilirubin makes the use of the Jaffe reaction question- 
able in neonates. Other interference substances include 
aceto-acetate, pyruvate, uric acid, the cephalosporins and 
cotrimoxazole.'® Enzymatic methods have been developed 
that are more specific than the Jaffe reaction. 

Determination of serum creatinine by isotope dilution 
mass spectrometry has been described as the potentially 
‘definitive’ method.'? High performance liquid chromatogra- 
phy will undoubtedly become the reference method for 
creatinine determination,'® even if its routine use is still not 
possible in most clinical laboratories. 


Creatinine urinary clearance (UV/P) 
The urinary clearance of creatinine is the most commonly used 
method for assessing GFR in children. The urine is collected 
over 4-24 h, and the plasma sample collected at the mid urine 
collection period. The plasma creatinine concentration can be 
significantly increased by eating cooked-meat.'? Drugs such as 
trimethroprim”? and cimetidine?! increase the plasma creati- 
nine by interfering with the renal tubular secretion, presumably 
by competition for the organic cation secretory pathway.”° 
The estimation of GFR by measuring the urinary clearance 
of creatinine yields values that have been shown to correlate 
variably with inulin clearance. The best correlation is seen 
when GFR is normal. This agreement usually results from the 
balance of two artifacts: (1) the excretion rate of creatinine is 
higher than the filtered rate because of the tubular secretion 
of creatinine and (2) the measured plasma creatinine is higher 
than the true creatinine because of the presence of noncrea- 
tinine chromogens that interfere with a standard colorimetric 
analysis of creatinine in the Jaffe reaction. Overestimation of 
GFR by the urinary clearance of creatinine is usually maximal 
at low levels of GFR.” The ratio of the urinary clearance of 
creatinine to urinary inulin clearance has been shown to vary 
from 1.14 to 2.27 in adult subjects. It was suggested long ago 
that the clearance of creatinine should be discarded as a 
precise estimate of GFR as this clearance varies as a conse- 
quence of tubular secretion of creatinine in mature individ- 
uals. In Kim et al's study, 42% of patients with definitely 
diminished renal function would have been diagnosed as 
normal if only creatinine had been checked.”* Like those of 
Rosenbaum,” data obtained by Guignard et al!” in 72 
children older than one year showed a substantial overesti- 
mation of GFR by creatinine clearance at all levels of GFR. 


Assessment of GFR by the formula 

(2C creat + Curea)/3 

In children undergoing simultaneous inulin and creatinine 
urinary clearance studies!’ the overestimation of GFR by 
creatinine clearance was 'corrected' when the clearance of 
urea was also taken into account. When using the formula 
(QC eat + Core,)/3', the regression line correlating this 
formula to inulin clearance was indistinguishable from the line 
of identity (Figure 6.4). The scatter of points around the 
regression line was, however, not negligible. 
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Figure 6.4 Relationship between standard urinary clearance 
of inulin and the (2Cgecat + Cuea)/3 formula. Adapted from 
reference 10. 


Clearly, creatinine clearance alone is not a good alternative 
to inulin clearance when a precise measurement of GFR is 
needed. The use of the formula '(2C eat + Curea)/3', calcu- 
lated over 3—4 h in well-hydrated children, is recommended 
when the clinical situation does not warrant the cumbersome 
measurement of inulin clearance or when the technique is 
not available. 


The GFR = k. height/P „ea formula 

Numerous studies have used this index first described in 
1976,7 providing conflicting results. A critical review of the 
use of this formula has been published by Haycock.”® The 
formula provides useful data when used cautiously. It cannot be 
used in obese or malnourished children in whom body height 
does not accurately reflect muscle mass. Ideally, the exact value 
of k should be derived from the laboratory where the plasma 
creatinine is measured, and from inulin clearance as the refer- 
ence method for estimating GFR. The values of k, as derived 
from creatinine clearance in different age groups by Schwarz 
and colleagues’ are given in Table 6.3. In a study involving 200 
patients aged | month to 23 years, Haenggi et al'* compared 
the values of k derived from the urinary clearance of inulin to 
that derived from simultaneous creatinine urinary clearance. 
The value of k derived from creatinine or inulin clearance 
differed significantly in children undergoing water diuresis (urine 
flow rate 8.5 ml/min per 1.73 mô), being lower when calcu- 
lated from Chruin: In hydropenic children the values of k were 
identical whether derived from Chuin OF Cocea (49 + 2 and 
50 + 3, respectively). Increased secretory rates of creatinine at 
high urine flow rates probably account for the elevated value of 
k calculated from Ce in well-hydrated children. Extensive 
tubular secretion and reabsorption of creatinine in relation to 
the degree of hydration has been well described in humans. '! 
Whatever the limitation in the accuracy of the estimate of GFR 
by the k . height/P.,. formula, the use of the formula has 
proved valuable as a rapid estimate of GFR in clinical practice. 
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Table 6.3 Values of k for various age groups 


k values when Parea 
expressed in 


umMOoI/I mg/dl 
Low birth-weight infants <2.5 kg 29 0.33 
Normal infants 0-18 months 40 0.45 
Girls 2-16 years 49 0.55 
Boys 2-13 years 49 0.55 
Boys 13-16 years 62 0.70 


Adapted from references 3 and 14. 


Cystatin C 


Cystatin C, a nonglycosated |3-Da basic protein, is a 
proteinase inhibitor involved in the intracellular catabolism of 
proteins.” It is produced by all nucleated cells at a constant 
rate apparently independent of inflammatory conditions, 
muscle mass and gender.” It is freely filtered across the 
glomerular capillaries, almost completely reabsorbed and 
catabolized in the proximal tubular cells.*! Being reabsorbed, 
cystatin is not a classical glomerular marker, as strictly 
defined.** Fully automated assays using particle-enhanced 
turbidimetry”? or particle-enhanced nephelometry™ are avail- 
able for the measurement of cystatin in plasma and serum. 

Cystatin C does not appear to cross the placenta and there 
is no correlation between maternal and neonatal serum 
cystatin C levels.” Cystatin C concentrations are highest at 
birth, and then decrease to stabilize after 12 months of age 
(Figure 6.3). Whether cystatin C is significantly higher in 
premature infants as compared to term infants is not yet 
clear. The reference interval for serum cystatin C has 
been estimated as ranging from 0.70 to 1.38 mg/l in children 
older than | year.” 

Serum cystatin C increases when GFR decreases. The 
reciprocal values of cystatin C correlate linearly with GFR and 
cystatin C has been claimed to be at least as good a measure 
of GFR as serum creatinine in adults.” In children aged 
| .8-18.8 years with various levels of GFR, serum cystatin C 
has been found to be broadly equivalent to serum creatinine 
as an estimate of GFR.* The fact that cystatin C is indepen- 
dent of age, gender, height and body composition” has been 
considered an advantage. 

The major drawbacks in using cystatin C are that it is not a 
classical glomerular marker, and that its clearance can conse- 
quently not be calculated. Numerical estimates of GFR can 
also not be rationally derived from its plasma clearance. A 
recent study by Martini et al? compared the reliability of 
different estimates of GFR to distinguish impaired from 
normal GFR, with a cut-off at 100 ml/min per 1.73 m?. While 
plasma cystatin was slightly superior to the plasma creatinine 
concentration to diagnose renal insufficiency, it was signifi- 
cantly less sensitive than both the urinary clearance of 
creatinine and the estimate k x height/P.,.4%. The authors 


concluded that simply measuring the child's height in addition 
to its plasma creatinine was a simpler, cheaper and better 
means of rapidly assessing GFR in children than measuring the 
plasma cystatin C. The recent observation by Knight et al? 
that cystatin C is influenced by factors other than renal 
function alone casts doubt on the real value of cystatin C as 
the best estimate of GFR. In this very large study involving 
8058 inhabitants of the city of Groningen, multivariate serum 
cystatin C-based estimates were indeed not superior to 
equivalent serum creatinine-based estimates.*° 


Assessment of GFR in neonates 


Inulin as a marker of GFR in the 
neonate 


Studies comparing the clearance of inulin with that of other 
glomerular markers have led to the hypothesis that glomeru- 
lar pore size could be related to body size, and that inulin may 
not be freely filtered by the immature glomerulus.*! This 
hypothesis has not been confirmed by studies of inulin 
handling in rats** or fetal lambs,** both failing to demonstrate 
any restriction to the filtration of inulin. The same conclusion 
was reached from clinical studies in preterm infants showing 
that high-molecular-weight inulin or polysaccharides did not 
accumulate in the plasma of very immature babies infused 
with these glomerular markers for several days, thus exclud- 
ing any retention of the larger molecules.*** 

Standard urinary inulin clearance studies performed during 
the first two days of life of preterm and term neonates have 
shown that GFR at birth is approximately 20 ml/min per 
|.73 m? in term neonates and 10 ml/min per 1.73 m? in 
preterms of 28 weeks of gestation. The GFR matures 
rapidly in the early postnatal period, doubling during the first 
two weeks of life (Figure 6.5).*° The speed of the maturation 
is somewhat slower in the most premature infants. 

Conflicting results have been produced in neonates studied 
by the inulin constant infusion technique over a few hours. 
While Cole and Leake and their colleagues””” found an excel- 
ent correlation between the constant infusion clearance and 
the urinary clearance of inulin (R = 0.999), Guignard and 
coworkers‘? found the constant infusion technique to greatly 
overestimate (~309%) the urinary clearance of inulin in infants. 
The overestimation declined with time but remained substan- 
tial after 3 h of infusion. The same conclusion was reached by 
Coulthard’ who also observed an overestimation of GFR by 
the constant infusion technique, in spite of the fact that the 
plasma inulin concentration was apparently stable. Reliable 
estimates of GFR could however be obtained when inulin was 
constantly infused for 24h. The main disadvantage of the 
method is that it requires a constant infusion of long duration. 
Results comparing data obtained by the plasma disappearance 
curve technique with those obtained by the urinary clearance 
of inulin are conflicting. Early optimistic results*” have not been 
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Figure 6.5 Postnatal increase in glomerular filtration rate in 
term and preterm infants. Adapted from reference 46. 


confirmed. A 30% overestimation of the true GFR was 
described by Fawer and colleagues in neonates 1-3 days old.” 


Creatinine as a marker of GFR in the 
neonate 


In tiny premature neonates, the clearance of creatinine 
underestimates inulin clearance.’ Animal studies suggest 
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Obstruction in adults 


7 Introduction and the role of nuclear 


medicine 


Patrick H O'Reilly 


Introduction 


Obstructive uropathy in adults can be of upper tract origin 
(e.g. ureteric stone), or lower tract origin (e.g. prostati 
hypertrophy). 

Upper tract obstruction may be acute or chronic. Chronic 
obstruction can be subdivided into three types — unequivocal 
where the cause and effect are established beyond doubt; 
equivocal where the upper tract is dilated but not necessarily 
obstructed, and end-stage, where there is a postobstructive, 
non-functioning kidney. 

Lower tract obstruction may interact with the upper tract, 
for example in high-pressure chronic retention where the 
obstructed high-pressure bladder causes slow but steady 
upper tract dilatation and hydronephroisis. 

This classification is demonstrated in Figure 7.1. 


Ey 


Acute obstruction 


Acute obstruction to the upper urinary tract is usually caused 
by a ureteric stone which has passed from the renal pelvis to 
become arrested at the pelviureteric junction (PUJ), the 
ureter or at the vesicoureteric junction (VUJ). Occasionally an 
injudicious gynaecological suture during hysterectomy or 
colposuspension can cause the same thing. Acute ureteric 
colic is usually extremely painful, often the worst pain the 
patient has ever experienced (including females who have 
been through childbirth!). Traditionally, the diagnostic tool 
has been the intravenous urogram (IVU) where a series of 
radiographs are taken following the injection of contrast 
medium, In acute obstruction there will be a dense nephro- 
gram and delayed films will demonstrate a dilated ureter 
down to the level of the stone. In recent years, uroradiolo- 
gists have been recommending computed tomography (CT) 
scanning as a preferable diagnostic test;! indeed, there have 
been energetic debates around the statement that 'the IVU 
should be relegated to history’. The reasons for this are 
several but include the fact that virtually all stones are visible 
ona CT scan whereas only 70-80% of stones are seen on a 
plain radiograph. Furthermore, if the patient's loin pain is not 
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Figure 7.1 Obstructive uropathy. 


due to a stone, the CT may well show up an alternative 
cause, which an IVU rarely does. Opposition to this develop- 
ment has included the fact that the IVU is cheap and easy and 
does not require the presence of a radiologist, that CT 
scanning carries a greater radiation dose for the patient. The 
latter argument has disappeared somewhat with the recent 
development of rapid multiplanar CT scanners, and there is 
no doubt that a quick (a matter of seconds or minutes) 
unenhanced CT scan can settle once and for all any doubts 
about the presence of a urinary calculus. Nonetheless, there 
remains a role for the IVU where the radiologist or CT 
scanner is not available, and the single-shot IVU (full-length 
postmicturition prone film 20 minutes after contrast injection) 
is very valuable for follow up of a known calculus. 

There is a limited role in acute obstruction for nuclear 
medicine studies.*’ A standard ”"Tc-MAG3 renogram can 
be helpful to demonstrate preserved split renal function and 
an absence of complete obstruction in patients with small 
calculi prior to discharge from hospital for conservative 
management at home in the hope that the stone will pass 
spontaneously. 
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Unequivocal chronic 
obstruction 


Unequivocal chronic obstruction refers to the finding of a 
dilated upper urinary tract with a demonstrable nonacute 
cause for that dilatation, indicating genuine obstruction. There 
are many examples of this — a pelvic carcinoma (e.g. colon, 
ovary), retroperitoneal fibrosis, transitional cell cancer of the 
bladder (in the region of the ureteric orifice) or ureter, etc. 
Such a diagnosis is usually the result of imaging studies, 
especially CT scanning or magnetic resonance (MR) scanning, 
where the anatomical problem and its effect on the upper 
urinary tract become obvious. 
Nuclear medicine has an important role in this situation. 
”™Tc-MAG3 scanning will determine the degree of obstruc- 
tion, but also the effect the obstructing lesion has had on 
underlying renal function. This is important since it will guide 
the clinician towards the vital decision regarding renal conser- 
vation after removal of the obstructing lesion, or nephrec- 
tomy if the residual renal function is seriously and irreversibly 
reduced. If the split renal function suggests that the kidney 
would be incapable of sustaining dialysis-free life should 
anything destroy the contralateral kidney, then nephrectomy 
n 
n 


is the usual course of action. As a rule of thumb, split functio 
of less than 10% is indicative of such a situation. However, | 
current urological practice, there are other considerations. 
For example, if one is talking of split function, it begs the 
question split function of what? In many cases, if time allows it, 
a GFR should be obtained to get a proper estimate of single 
kidney GFR before making the decision regarding nephrec- 
tomy. Furthermore, that decision should not be made on 
one split function estimate alone, and at least two should be 
available. There is also a need to address the role of intra- 
ureteric stents or percutaneous nephrostomy drainage of the 
obstructed kidney for a period of time to assess recoverabil- 
ity of function before deciding between nephrectomy or 
conservation. Thus, a two stage approach to the situation is 
often the best course of action, first to deal with the primary 
pathology, and thereafter to assess the renal status. Naturally, 
if the primary pathology has destroyed the outflow tract in the 
presence of poor function, then the decision for nephrec- 
tomy becomes clearer. 


Equivocal chronic obstruction 


Dilatation does not necessarily mean obstruction. This adage 
was increasingly appreciated by urologists during the 1970s as 
it became clear that several conditions mimicked obstruction 
on scans and IVUs, and yet the dilated upper tract was, in fact, 
just that — dilated but working perfectly well and completely 
unobstructed. Dilated renal pelves mimicking pelviureteric 


junction obstruction, dilated ureters from primary non- 
obstructive megaureter, or previous vesicoureteric reflux, 
and other conditions were clarified mainly by the develop- 
ment of diuresis renography. 


Diuresis renography 


This test was developed to distinguish between the dilated 
nonobstructed and the dilated obstructed upper urinary 
tract.*° Standard renography produces a rising curve in both 
these conditions, the first from stasis of urine allowing the 
tracer to accumulate rather than leave the upper tract, and 
the other from genuine impedance to outflow. If a diuretic is 
administered at 20 minutes, usually 40 mg frusemide, it has 
been shown that within 3—6 minutes, the flow rate of urine 
through the upper tract increases from about |—2 ml/min to 
10-12 ml/min. In the obstructed upper tract, this exacer- 
bates the obstruction and no elimination occurs. In the 
nonobstructed tract, stasis is eliminated, and excretion 
occurs secondary to the sudden increase in flow. Thus, the 
rising obstructed renogram curve continues to rise, while 
the rising stasis curve falls suddenly, in the same way as a 
normal renogram curve, distinguishing between the two 
conditions and guiding the urologist towards surgery or 
conservative management. This development was a major 
step forward in urological management of the dilated upper 
urinary tract and is widely used in current practice. For 
the best and most reliable results, certain guidelines are 
required. 


Guidelines for the 
performance of diuresis 
renography 


Patient preparation 


The patient should be well hydrated for the test. Dehydration 
results in falsely rising curves due to slow urine flow through 
the kidneys, and thus mimicks obstruction. It is standard 
practice to give the patient 500 ml of fluid to drink on arrival 
in the department before the test. 


Choice of radiopharmaceutical 


While ’"Tc-DTPA and '”l-hippuran were both widely used 
in the 1970s and 1980s, ”"Tc-MAG3 is now regarded as the 
agent of choice. 


Dose of diuretic 


Forty mg of intravenous frusemide is the normal dose. In 
children under | 6, 0.5 mg/kg is recommended. 


Timing of diuretic 


The classic renogram involved injection of the diuretic 20 
minutes after the radiopharmaceutical. It was subsequently 
found that the maximum flow rate of urine following 
frusemide injection occurred at 15 minutes. Thus, a second 
type of renogram — the F-|5 study — was developed, where 
the radiopharmaceutical was administered |5 minutes after 
the diuretic. This was found to reduce the equivocal rate of 
17% in the F+20 study to around 3-5%. More recently, a 
study giving the frusemide and radiopharmaceutical at the 
same time — the FO diuresis renogram — showed that this is an 
acceptable method also. Most workers believe, however, 
that the F-15 technique is the preferred method. 


Injection technique 


It is important to flush through the intravenous cannula after 
injection of radiopharmaceutical. If this is not done, some 
radiopharmaceutical may linger in the syringe or vein, and 
subsequent movement will cause a small secondary injection 
of the agent which may mimic obstruction or render the test 
equivocal. 


The effect of posture 


In some dilated upper tracts, particularly where the dilatation 
is sufficient to render normal peristaltic transport inefficient, 
urine flow from upper to lower urinary tract may depend to 
a large extent on posture. Thus, when the patient is supine, 
urine flow may be slow, and the renogram curve will show a 
rising pattern, mimicking obstruction. When the patient is 
erect, however, excretion will be normal. It is standard 
practice to perform diuresis renography with the patient 
sitting. If the test is done supine for any reason, then further 
images should be obtained erect at the end of the study. 

A further postural consideration is the possibility of 
nephroptosis. This refers to a hypermobile kidney, a rare 
condition, usually found in slim females under the age of 40, 
where the right kidney is in normal position supine, but 
moves downwards and forwards when the individual is erect. 
This means the gamma camera will be looking at the right 
kidney end-on, presenting a small image and resulting in an 
artificially reduced split function estimate. The excretion curve 
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will be normal, but reduced in size due to the artificially 
reduced functional estimate. In this situation, a ”’"Tc-DMSA 
scan erect and supine will confirm the condition, and inter- 
pretation of the diuresis renogram will be more reliable. 


The effect of the bladder on the 
upper tract 


Bladder dysfunction can affect upper tract urodynamics. This 
is particularly so in the condition of high pressure chronic 
retention where prostatic hypertrophy causes chronic reten- 
tion of urine, which is held under high pressure in the 
bladder. This impairs intraureteric transport of urine leading 
to dilatation of the ureters and slow, insidious renal failure. 
Such patients depend on two factors to slow this process — 
the passage of small amounts of urine from the bladder every 
2-3 hours, and the erect position to allow gravitational trans- 
port of urine as discussed above. Renogram studies in such 
cases demonstrate an obstructed pattern supine, but elimina- 
tion in response to the passage of urine (which takes some of 
the pressure off the bladder), or a change from the supine to 
the erect position. 


Where these guidelines are observed, the results of diuresis 
renography should be reliable and the equivocal rate very 
low. Thus, the dilated obstructed upper urinary tract requir- 
ing correction, will accurately be distinguished from the 
dilated nonobstructed tract, which is harmless and requires 
no intervention. This topic is covered in detail in Chapter 9. 


Value of radionuclide studies 
in evaluation of the treatment 
of PUJ obstruction 


Open procedures for the treatment of pelviureteric junction 
(PUJ) obstruction include the Anderson Hynes dismembered 
pyeloplasty, the Culp deWeerd spiral flap procedure and the 
Foley Y-V technique, of which the former is the most widely 
used. Newer methods to treat the condition include 
antegrade endopyelotomy, retrograde endopyelotomy 
(Acusize), balloon dilatation and laparoscopic pyeloplasty. It 
has hitherto been assumed that open pyeloplasty gives a 
lasting beneficial result in terms of preserved function and 
improved drainage, and to date, the results of the newer 
noninvasive techniques have been said to be not as good. 
However, little data exist in the literature on just how effec- 
tive and durable open pyeloplasty really is, and its role as a 
gold standard has been questioned occasionally at endourol- 
ogy meetings. Our investigations into this subject suggest that 
open dismembered pyeloplasty is indeed the 'gold standard'.® 


54 Functional Imaging of Nephro-Urology 


We examined the records of 56 patients having an 
Anderson Hynes pyeloplasty under the care of two surgeons 
between 1981 and 1994. Renographic data on preoperative 
split renal function and diuretic drainage characteristics were 
examined and charted according to the responses in the origi- 
nal description of the procedure. All patients had had preop- 
erative '*l-hippuran renograms using the standard F+20 or 
F-15 techniques and a dedicated Scintronix gamma camera 
system. Patients were then contacted and invited to return to 
the hospital for a consultation and an up-to-date diuresis 
renogram to compare with their original preoperative status. 

Ultimately, 24 patients agreed and underwent F+20 
technetium-labelled mercaptoacetyltriglycine (""Tc-MAG3) 
diuresis renograms. The renal function data were subjected 
to statistical analysis using the Wilcoxon signed ranks test to 
investigate the functional results of surgery. The drainage 
characteristics were analysed by a urologist and a radiologist 
by eyeballing the responses in the usual clinical manner. TZ 
times were not required. All patients were subsequently 
informed of their results. 

The dismembered Anderson—Hynes pyeloplasties had 
been performed 6-19 years previously with a mean of 10.6 
years. The mean age of the patients at the time of surgery 
was 39 years (range 12-72). Nineteen cases demonstrated 
an improvement in split renal function (79%). The median 
improvement was from 32-44% (P = 0.005). All 24 cases 
had demonstrated preoperative obstruction. Twenty-three 
of these (96%) showed improved drainage — normal in nine 
cases, dilated nonobstructed in ten cases, equivocal in four 
cases, and obstructed in one case. In the four equivocal 
responders, function had increased in three (by +3%, 
+10% and + 17%) and the equivocal washout undoubtedly 
represented a volumetric phenomenon — slow washout 
through a nonobstructed but high-capacity system. Al 
patients were asymptomatic. 


These results would only be possible by the application of 


standardized, reproducible, diuresis renography technique. They 
set the standard for the newer techniques which challenge tradi- 
tional open surgery. There is no doubt that proper assessment of 
the various treatments of upper urinary tract obstruction cannot 
be credible without assessment of results by the same standard- 
ized, reproducible radionuclide methods described above by al 
workers in the field. This was lacking in several of these presen- 
tations, reflecting a common pattern in urological practice. Many 
previous reports, especially from the USA, have failed to 
incorporate pre- and postoperative assessments of function 
and drainage, relying on eyeballing VUs or CT, or relying on 
symptomatic status, two highly subjective and scientifically 
dubious means of assessment. As demonstrated above, guide- 
lines on standardization of such evaluation already exist in the 
nuclear medicine literature.’ They must be encouraged for all 
workers in the field to allow comparison of different techniques, 
and of the same techniques between different centres, and it 
behoves the nuclear medicine community to educate and 
encourage their urological colleagues to utilize these techniques 
to the advantage of everyone, especially the patient. 


Recovery of function after 
relief of obstructive uropathy 


The nature and extent of recovery following relief of obstruc- 
tive uropathy will depend on whether the underlying 
obstruction involves both ureters (or the only ureter of a 
single functioning kidney) or whether the obstruction is unilat- 
eral with a normally functioning contralateral kidney. In the 
latter circumstances tt would be expected that the normal 
kidney would maintain homeostasis whereas with bilateral 
ureteric obstruction, global renal function will be impaired. 


Bilateral ureteric obstruction (BUO) 
or unilateral ureteric obstruction 
(UUO) in a single functioning kidney 


This situation typically occurs in high-pressure chronic reten- 
tion of urine (HPCR) secondary to benign prostatic hyper- 
trophy (BPH) or pelvic malignant disease. Occasionally it 
develops due to a stone or pelvi-ureteric junction (PUJ) 
obstruction in a single kidney. 


Changes occurring during the 
period of obstruction 


The primary abnormality determining renal function in 
obstructive uropathy is a reduction in glomerular filtration 
rate. Salt and water retention are common accompaniments 
resulting in the clinical features of hypertension, peripheral 
oedema and, in more severe cases, signs of congestive 
cardiac failure, especially in patients with chronic bilateral 
ureteric obstruction.® Approximately 50% of patients with 
HPCR develop hypertension making it the commonest 
surgically reversible cause of this condition, 

The fractional excretion of potassium is less than might be 
predicted from the glomerular filtration rate and hence potas- 
sium retention can also occur. Defective urinary concentrat- 
ing and acidifying ability develop as a result of increased 
flooding of the distal nephron with solute from more proxi- 
mal nephron segments as well as a defective response of the 
distal tubular mechanism to the normal hormonal influences. 


Changes following the relief of 
obstruction 


*”™TcDTPA GFR studies in patients with HPCR during and 
after relief of obstruction by urethral catheterization have 
clarified the changes which occur after relief of obstruction. 


Renal functional recovery appears to occur in two phases. 
There is an initial tubular phase during which sodium and 
water balance is restored (thus blood pressure normalizes 
and signs of congestive cardiac failure diminish) and plasma 
creatinine falls. There is then a secondary phase when 
glomerular filtration rate slowly recovers. Changes in the 
tubular phase of recovery are maximal during the first few 
days following relief of obstruction, but may continue for 
up to 2 weeks. The second glomerular phase takes place 
between 2 weeks and 3 months.’ 

The radiographic contrast medium, lohexol, is handled by 
glomerular filtration with clearances very similar to those of 
inulin. In the above study, simultaneous iohexol clearance 
completely mimicked DTPA clearance, confirming the 
accuracy of radionuclide ”™Tc-DTPA GFR measurements, 
and also the correctness of these conclusions regarding renal 
functional recovery. 


Unilateral ureteric obstruction (UUO) 
with normal contralateral 
functioning kidney 


In clinical practice this situation is most commonly repre- 
sented by unilateral UP] obstruction. There are a number of 
studies, including that described above, demonstrating that 
unilateral function can be improved, or at least deterioration 
prevented, by appropriate surgical intervention. Following 
the relief of obstruction, free water excretion, demonstrating 
a relative concentrating defect, can be demonstrated, but 
normal homeostasis is almost invariably maintained by the 
normally functioning contralateral kidney. There are, 
however, very rare reports of postobstructive diuresis due to 
defective urinary concentrating mechanisms following relief of 
obstruction in a unilateral UPJ patient. 


Prediction of recovery of 
function after relief of 
unilateral obstruction 


In clinical practice it is common to have to decide whether an 
obstructed kidney is worth salvaging. This can be very difficult. 
There are many case reports in the literature indicating 
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worthwhile functional recovery following relief of obstruction 
in what was previously thought to be a radiologically non- 
functioning kidney. The duration of the obstruction can 
sometimes be measured, for instance after surgical trauma, 
and recovery has been documented following obstruction 
which is known to have been present for a number of years. 
Conversely, short periods of obstruction can also be 
associated with irrecoverable function. The completeness of 
obstruction and particularly the presence of infection are 
critical in determining ultimate outcome, the combination of 
obstruction and infection being particularly poor prognostic 
features. 

The measurement of split renal function on standard 
renography together with assessment of renal cortical thick- 
ness on ultrasound are often used as a clinical guide as to 
whether to perform reconstructive surgery or nephrectomy. 
When the split function is less than 10% then the value of 
salvage is often questioned. Percutaneous nephrostomy is 
sometimes used in such circumstances to try to see what 
recovery can be obtained in the affected kidney. However, 
this presents a dilemma of how long to leave the nephros- 
tomy, bearing in mind that recovery may be ongoing for up 
to 3 months. There is also some evidence from experimen- 
tal studies that the presence of a normal contralateral kidney 
actually provides a disincentive for the unilaterally obstructed 
kidney to recover because normal homeostasis is maintained 
without it. 

Recently, evidence in children has shown that ”"Tc- 
DMSA scanning during the obstructed state may provide a 
better predictor of split renal function following relief of 
obstruction in an affected kidney.'® This has yet to be 
confirmed in adults, but the evidence to date is convincing, 
once more establishing the vital role of radionuclide studies in 
obstructive uropathy. 


Conclusion 


There is no doubt that nuclear medicine has contributed a 
huge amount to current urological management. Imaging 
techniques such as urography, ultrasound, CT scanning and 
MR imaging are all vitally important diagnostic techniques, but 
none has yet been shown to give accurate reliable informa- 
tion on quantitative renal function and urodynamics, informa- 
tion which only nuclear medicine can provide and which is so 
crucial in the assessment of obstructive uropathy. 
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Introduction 


Definition 


Urinary obstruction was defined by Whitaker in 1978! as 'a 
narrowing of the urinary tract such that the proximal pressure 
must be raised to transmit the usual flow through it’, 

Dilatation of the urinary tract is a well-described conse- 
quence of obstruction. However, dilatation may be encoun- 
tered without any significant increase in intrapelvic pressure; 
as is the case in patients with megacalicosis. Nonobstructive 
dilatation can also be found in patients who had their obstruc- 
tion recently relieved. 

Organic dilatation has to be differentiated from functional 
dilatation. For example in vesico-ureteral reflux, dilatation is 
the consequence of an abnormal urinary flow. The urinary 
tract is not narrowed. 

Three types of obstruction have been described: 


e Acute obstruction is characterized by an increase in 
intrapelvic pressure (10-50 mmHg). Ureteral peristalsis 
augments initially, then it diminishes or even disappears. 
At the same time, blood flow transiently increases. A 
few hours later, arteriolar vasoconstriction occurs, which 
leads to a decreased renal blood flow and glomerular 
filtration. 

e Chronic obstruction may be complete or partial. 
Dilatation is present whereas the urinary tract pressure is 
usually normal. Parenchymal atrophy can occur. Renal 
damage can be reversible in the early stages. 

e — In intermittent obstruction, a moderate narrowing of the 
urinary tract leads to acute obstruction when the urinary 
flow increases above a given threshold. This situation 
is usually associated with uretero-pelviceal junction 
syndrome (UP)). 


Causes of obstruction 


These are either congenital or acquired. Acquired disease can 
be classified as follows: 


e = Intraluminal: calculi, blood clot, sloughed papilla, fungus 
ball 

e Wall disease: urothelial tumours, tuberculosis, malako- 
plakia, schistosomiasis, postoperative strictures 

e — Extraluminal: pelvic and retroperitoneal tumours, retro- 
peritoneal fibrosis, gynaecological and gastrointestinal 
lesions, aneurysms. 


Objectives of imaging techniques 


The management of a patient presenting with a suspected 
acute or chronic urinary tract obstruction requires the follow- 
ing questions to be addressed: 


Is there an obstruction? 

Where is the level of the obstruction? 
What is the cause of the obstruction? 
What is the degree of the obstruction? 


There are five imaging techniques used by radiologists for this 
purpose: plain radiograph (KUB for kidney, ureters and 
bladder), ultrasound and Doppler, CT scan, intravenous 
urography (IVU) and MRI. All of these can provide both 
anatomical and functional information, except KUB and 
nonenhanced CT scan. 


KUB 


KUB is mainly used to detect calcified urinary stones. Even 
though 90% of calculi contain calcium, not all of them are 
visible on a plain film. Some are small, others are super- 
imposed on bones, or on dilated bowel loops. In addition, 
pelvic phleboliths, which are frequent in adults, can be 
confusing, and sometimes require additional evaluation by 
CT or IVU. 

The sensitivity and specificity of KUB in the diagnosis of 
urolithiasis is low (respectively 45% and 77%) as compared 
with CT.’ The CT scout view is comparable to plain film.’ 
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Ultrasound 


Anatomical evaluation 


Ultrasound was used early in the evaluation of urinary tract 
obstruction. In 1978, Ellenbogen et al. studied 67 patients 
and found greyscale ultrasound to have a sensitivity 
of 98% in the detection of urinary tract obstruction.* The 
grading of the obstruction was based on the degree of dilata- 
tion of the excretory cavities by analogy with IVU. These 
authors had noticed a low rate of false negative cases (2%) 
contrasting with a high rate of false positive cases (26%). 

The greater than 90% sensitivity of greyscale ultrasound 
in the diagnosis of chronic obstruction (dilatation) has since 
been confirmed. The scarcely reported false-negative cases 
were related to hypovolemia, dehydration, retroperitoneal 
fibrosis, metastases, intermittent and partial obstruction.” 
Specificity of US remains lower, as various conditions can be 
misdiagnosed as obstruction; large extrarenal pelvis, megacal- 
icosis, peripelvic cyst, dilated vessels (i.e. in the case of arteri- 
ovenous fistula or renal varices). In addition, a full bladder 
with retained micturition and/or vesicoureteral reflux can 
induce dilatation without obstruction. 

In the case of acute obstruction, the renal pelvis may be 
normal sized at a very early stage, after fornix rupture, or look 
normal when an echogenic contentm such as a clot, fills the 
cavities.°° 

There has been no recently published study evaluating the 
accuracy of ultrasound in the diagnosis of urinary tract 
obstruction. However, an improvement can be postulated 
with the introduction of harmonic and compound 
techniques, which decrease the level of noise and improve 
the contrast to noise ratio (Figure 8.1).” 


The value of greyscale ultrasound in the diagnosis of the 
level and cause of the obstruction mainly depends on the 
patient's physical status (obesity, dilated bowel loops). Renal 
calyces, renal pelvis and the upper ureter can be evaluated in 
almost all patients using a transrenal view. The lower ureter 
and the bladder can also be observed via a transvesical or 
endocavitary approach. However, the lumbar and pelvic 
portions of the ureter often remain difficult to visualize due to 
the interposed bowel loops. 

Stone detection is based on the depiction of a hyperechoic 
structure with acoustic shadowing. Twinkling artifact has been 
reported as a useful colour Doppler US sign; it is a posterior 
tail of various colours, which is the consequence of phase 
distortion at the surface of the stone when irregular.'° The 
main locations of stones are the pelvicaliceal system, the level 
of the iliac vessels crossing and the uretero-vesical junction, In 
this latter location, a residual oedema can be the only sign 
of a recent migration of a stone through the lower ureter 
meatus. The accuracy of US for stone detection is increasing 
but remains limited. In the early 1990s, US was evaluated, 
and the reported sensitivity and specificity respectively ranged 
from 12 to 89% and 78-92%.'''? When associated with 
KUB, the sensitivity reaches 80—100%,'*'> but still remains 
lower than that of nonenhanced CT (77% vs 92%).'° 

Physiological dilatation of the upper urinary tract can be 
observed in pregnant women, especially on the right side. 
This is due to compression of the ureter by the enlarged 
uterus and to a decreased ureteral peristalsis. This can lead to 
a difficult differential diagnosis with obstruction related to 
stone migration, which is not rare during pregnancy. The 
ability of colour Doppler to differentiate vessels (iliac vessels) 
from dilated ureter has been shown.'” Colour Doppler may 
also detect a crossing vessel in the case of UPJ syndrome 
(Figure 8.2). 


Figure 8.1 New greyscale ultrasound modes, such as 
harmonic imaging, allow a nice depiction of renal calyces 
and pelvis dilatation. 


In this case of UPJ syndrome complicated by 
urinary infection, colour Doppler mode shows an arterio- 
venous pedicle crossing the uretero-pelvic junction. 


Figure 8.2 


Figure 8.3 High RI (0.95) in the case of acute obstruction in 
a patient presenting with an obstruction due to urolithiasis. 


Functional evaluation 
Increased resistive index 


Platt et al'*?' showed that an increased resistive index 
(RI > 0.70) recorded from the interlobar arteries Doppler 
waveforms could help in diagnosing acute obstruction (Figure 
8.3). This author subsequently reported an improved sensi- 
tivity from a unilateral elevation of the RI as compared with 
the opposite kidney, with a significant threshold of ARI = 0.1. 
Overall accuracy ranged from 0.77 to 0.96. The increased 
resistive index was considered independently from dilatation 
of the collecting system. Haemodynamic change was shown 
to be able to develop prior to dilatation. It was thought to be 
related to the early renal blood flow changes that have previ- 
ously been described in animal models.”* 

However, this theory gave rise to controversy; Tublin” 
and Lee” reported much lower sensitivity (19-44%). Partial 
obstruction, intermittent obstruction due to stone migration, 
and nonsteroidal anti-inflammatory drugs have been 
reported as potential causes of false-negative cases. In 
addition, elevated RI is common in infants. Moreover, it has 
been shown that RI correlated poorly with renal blood flow 
changes. Conversely, RI index modification correlated with 
the urinary tract pressure.” 

Diuretic sonography has been proposed to increase the sensi- 
tivity of the RI. A greater than | 5% increase in RI over baseline 
after diuretic administration has been shown in obstructive 
kidney.”°”” Preliminary injection of saline and Lasix has also been 
suggested in order to sensitize RI measurement.”°”? 
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Asymmetric ureteral jets 


Ureteral jets within the bladder can be shown via trans- 
abdominal approach at the level of the trigone by colour 
Doppler. Hence, obstruction could be suspected in a patient 
with absent or weak jet as compared to the normal side.” 
Optimal hydration of the patient is required. False-negative 
cases of ureteric jet may be encountered in patients with 
partial relief of their obstruction after medical treatment. 


Unenhanced CT scan 


Unenhanced CT scan is now widely accepted as the refer- 
ence method for the detection of stone.7! It is not expected 
to provide any functional information, but can show morpho- 
ogical signs of obstruction. 

The acquisition protocol associates low kVs and a high 
pitch index for dose reduction. A very short acquisition time 
is allowed by multidetector technology. Native images have 
to be individually studied. Multiplanar reconstructions and 
attenuation measurements can then be performed. 

Even if composed of uric acid, stones appear as dense struc- 
tures (Figure 8.4A). The sensitivity and specificity of unenhanced 
CT scan in the detection of stone are close to 100%.” There 
is no correlation between the attenuation level and the chemi- 
cal composition of the stone. Stones as small as | mm are 
usually demonstrated. Smaller-diameter calculi can be detected 
if they are very dense. In slim patients it might be difficult to 
istinguish ureters from adjacent intestinal loops or vessels. 
Differential diagnoses should be considered, including ureteral 
neoplasms and blood clots, which may have moderately 
elevated attenuation values. As previously mentioned in the 
KUB section, other calcified structures should also be discussed, 
including arterial calcifications and phleboliths. A tissue rim is 
highly suggestive of stone (92—100%),** whereas a radiolucent 
centre? and the presence of a comet sign are specific for 
phleboliths with a predictive positive value of |00%.*° 
Moderate to marked uretero-hydronephrosis can easily 
be recognized, especially on multiplanar reconstruction 
images. The dilated ureter can then be followed down to the 
evel of the obstruction. A high-density intraluminal structure 
is suggestive of stone (Figure 8.4B,C). 

The accuracy of perirenal oedema in the prediction of 
acute obstruction is high, with a reported PPV of 94%.” 
Perirenal oedema is not clearly understood. It could be 
related to water resorption through the capsule. This indirect 
sign seems reliable, with a low interobserver variability.*8 

The major limitations of unenhanced CT for lumbar pain 
diagnosis are extrarenal processes and vascular causes 
(including renal infarction and renal vein thrombosis). 
Contrast medium injection is required whenever non- 
enhanced CT does not clearly demonstrate the cause of an 
obstruction. 
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of the dynamic enhancement of the kidneys and urinary tract, 
both anatomical and functional information are provided. The 
method of analysis has been extensively described for IVU. 
However, CT appears to be more accurate due to its higher 
spatial and contrast resolution, shorter acquisition time, multi- 
planar, 3D and MIP (maximum intensity projection) recon- 
struction capabilities. The diagnosis of the level and cause of 
obstruction is more straightforward with CT.?? However, the 
higher image quality obtained on CT scan images should be 
balanced with tts higher radiation dose. 


Anatomical and functional 
evaluation in acute and chronic 
obstruction 


The dilatation of the collecting system depends on the level 
A and degree of obstruction (Figure 8.5). In cases of chronic 
Lar ¥ obstruction, a negative pyelogram can be observed on CT as 
hai o compared with the normal side. A fluid-fluid interface due to 
gravity can be observed when the contrast medium slowly 
fills the dilated cavities. A level is created by the overlying 


Figure 8.4 Evaluation by non-enhanced CT scan of a left 
ureterohydronephrosis due to the migration of a calculus. 
A: Axial sweep shows the stone obstructing a thickened wall 
ureter. B and C: Coronal and sagittal reformatted images 
demonstrate both the upper urinary tract dilatation and the 
obstructing stone. 


Enhanced CT and intravenous 
urography 


, pe , Figure 8.5 3D contrast enhanced CT scan of the urinary 
lodinated contrast agent administration has been used for tract showing a moderate dilatation of the right renal cavities 


decades in the evaluation of urinary tract disease. As a result due to a compression of the ureteropelvic junction. 


nonenhanced urine. This phenomenon is obvious on CT, 
and can be underestimated by IVU. At late stages, renal 
parenchyma atrophy occurs, scars and calyceal clubbing 
develop. 

On the obstructed side, a delayed nephrogram as 
compared to the opposite kidney is a key functional sign for 
obstruction. Delayed enhancement can be seen at the level 
of the medulla with CT, in the cavities with both IVU and CT. 
Persistent nephrogram is suggestive of acute obstruction. 
Pelvicalyceal wall enhancement, which may be noticed on 
slightly delayed CT, is a nonspecific abnormality. 


Functional protocol in intermittent 
obstruction 


Diagnosis of intermittent obstruction may be challenging, as 
imaging is usually performed after an episode of unexplained 
lumbar pain. Examinations are normal when the obstruction 
is no longer present. 

In order to reveal the obstruction, the urinary flow should 
be increased above the upper threshold allowed by the 
narrowing. Adapted from the Whitaker test principle,’ a 
diuresis test has been proposed in order to sensitize IVU.‘ 
The protocol associates the administration of a high osmolar- 
ity contrast medium, optimal hydration of the patient (either 
by oral water or IV saline) and the injection of 40 mg of Lasix 
when the cavities become opacified. Films are obtained 5, 
10, 30 and 60 minutes after contrast medium injection, An 
equivalent protocol can be applied with CT. Interpretation is 
based on clinical symptoms (pain), functional and morpholog- 
ical data (asymmetry of enhancement, dilatation of cavities), 
Patient position changes, which are expected to reproduce 
pain, may be indicated during IVU and CT. 


Quantification using CT 


The excellent spatial resolution and the linearity between 
the attenuation coefficient and iodine concentration have 
suggested that CT could be a valuable tool in evaluating the 
physiology of renal contrast media excretion.*'~ A significant 
limitation is the dose delivered to the patient, even when 
using low kVs, 

A simple method was initially described, using repeated 
scans at a single level through the kidney and aorta after 
contrast medium injection. Perfusion could be quantified 
from the comparison of the renal vs aortic attenuation.**° 

A more complex method has been adapted from the 
Patlak plot graphic analysis initially used in nuclear medicine. It 
is based on a bi-compartmental model and assumes a two- 
way diffusion of the contrast agent between plasma and 
extracellular fluids, with a one-way filtration from the plasma 
to the urine.* This graphic analysis plots the ratio of renal 
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to aortic attenuation values (R(t)/A(t)) on the y-axis, and a 
‘normalized time’ on the x-axis. This ‘normalized time’ is the 
ratio of the integral of vascular attenuation value (in an aortic 
region of interest or ROI) from t = 0 to time t to the vascular 


t 
attenuation value at t Í A(t)/A(t) |. The y-axis intercept 
o 


estimates fractional vascular volume, and the slope of the plot 
is the renal clearance per unit volume in the renal ROI. This 
technique has been applied to electron beam computed 
tomography (EBCT)”” and multiphasic helical CT.4°4 

Good reproducibility and correlation with renal functional 
tests have been demonstrated.*”°! Clinical experience has 
been obtained in patients presenting with diabetes,’ renal 
artery stenosis” and, more recently, with hydronephrosis or 
pyelonephritis. “® 


MR urography: the one stop 
shop? 


Since the first description by Hennig,” MR diagnostic capabilities 
have improved with higher spatial resolution, shorter acquisition 
time and sophisticated imaging sequences providing either high- 
quality images or functional information. MR now appears to be 
a promising technique for the evaluation of the urinary tract, 
especially in the case of chronic intermittent obstruction. 
The specific advantages of MR are the capability to obtain 
multiplanar views, the absence of ionizing radiation and the 
good tolerance of gadolinium chelates as compared to 
iodinated agents. Contraindications are claustrophobia and the 
presence of a pacemaker. Limitations include its high cost, 
limited availability, and the need for sedation in young children. 
Because of the long T2 of fluid in the collecting system, the 
initial studies have been performed using heavily T2- 
weighted sequences, allowing visualization of the urine-filled 
urinary tract.” 

Based on T|-weighted sequences performed after the IV 
administration of gadolinium chelate, excretory MR provides 
both morphological and quantitative information about the 
urinary tract. Therefore, MR urography has been proposed 
to replace IVU in both children and adults.°°*! The addition 
of fast 3D MR angiography provides valuable information on 
renal vasculature in patients in whom abnormal vascular 
anatomy or vascular disease may affect the urinary tract.© 

If the initial results of MR urography reported by many 
studies are exciting, functional MR still requires larger clinical 
studies to obtain validation and to become a widely accepted 
standard examination.“ 


Static fluid MR urography 


Distension of a nondilated renal collecting system is an impor- 
tant condition for optimal MR evaluation using T2-weighted 
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sequences. The patient is not recommended to restrict water 
drinking. Oral hydration prior to the examination is not 
indicated, as it results in superimposition of fluid-filled bowel 
loops. IV infusion of saline allows optimal distension of non- 
dilated ureters. The injection of frusemide (5-20 mg a few 
minutes before starting the examination) has been recom- 
mended,”?*** but it could alter functional study results. The 
field of view must include the entire urinary tract, with both 
kidneys, ureters and bladder. 

Long echo times (effective TEs close to 1000 ms) produce 

high contrast, heavily T2-weighted images, resulting in bright 
signal from stationary fluid, and demonstrating urine within 
dilated or non-dilated calyces, pelvis and ureters. Collecting 
tubules may be demonstrated within the renal medulla. Using 
short TEs (approximately 100 ms) results in moderately T2- 
weighted images but allows better analysis of the content of 
the dilated cavities, ureteric wall and surrounding soft tissue. 
This can be very helpful in determining the nature of an 
extrinsic urinary obstruction.®* Multislice sequences could 
provide better diagnostic information than thick-slab 
sequences, particularly in evaluating the cause of obstruc- 
tion. In addition, T2-weighted images demonstrate peri- 
renal or periureteral fluid, which has been shown to be 
sensitive in the diagnosis of acute urinary obstruction. 
Static fluid sequences are often used as the first step of MR 
urography. They are particularly useful in cases of chronic 
obstruction with a nonfunctioning kidney.°”*” They are effec- 
tive in demonstrating the degree and level of obstruction, 
unless the upper tract dilatation is not sufficient. The 
diagnostic capability of these sequences in congenital 
anomalies such as UPJ syndrome in children is excellent 
(Figures 8.6A,B and 8.7A,B).°° MR sensitivity in detecting 
stones has initially been reported as low. However, recent 
studies contradicted these preliminary results. MR urogra- 
phy turns out to be a valuable, well-tolerated investigation 
for evaluating painful hydronephrosis in pregnancy. This 
is especially true for the diagnosis of obstructive urinary 
stone. ”””! Lastly, MR is highly sensitive in the detection of 
urological complications after renal transplantation.” 


Excretory MR urography 


Excretory MR urography is based on the glomerular filtration 
of gadolinium chelates, which are not toxic for the kidney 
(within the usual dose range) and can be eliminated by dialy- 
sis.’ IV administration of a half dose of gadolinium chelate 
(0.1 mmol/kg) is sufficient to evaluate the urinary tract. 

A fast T|-weighted gradient-recalled-echo sequence with 
very short repetition and echo times can visualize enhanced 
urine”? and allows the evaluation of normal and abnormal 
renal cavities and ureters at different times and in multiple 
planes. Gadolinium-enhanced T|-weighted MR urography 
depends on the renal excretory function: a satisfactory 
urographic effect is usually obtained up to a serum creatinine 
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Figure 8.6 Left upper tract chronic obstruction due to a 
metastatic lymph node. A: Long TE T2-weighted image shows 
the dilated ureter and renal cavities as well as the level of the 
obstruction. B: Short TE T2-weighted image demonstrates the 
presence of a small lymph node squeezing the ureter. 


concentration of 2 mg/dl. Due to longer acquisition times as 
compared with T2-weighted sequences, image quality can be 
altered by patient motion, especially in children.” 

In excretory MR urography, the main drawback is gadolin- 
ium-related. Paramagnetic contrast agents shorten both T | 
and T2 relaxation times of fluids and tissues. A drop in the 
signal due to T2 and T2* effects can be seen in the pyramids 
and renal cavities, where water resorption increases the 
concentration of gadolinium. The most effective way to 
prevent this problem is to inject furosemide shortly before 
the injection of the contrast agent.°8 

The diagnosis of obstruction on excretory MR urography is 
based on morphology (a persistent narrowing of the ureter 
below a dilated urinary tract), and function (delayed excretion 
of contrast into the collecting system and ureter).°””4 
However, there is no correlation between the grade of 
hydronephrosis and the delay in calyceal and ureteric excre- 
tion.” As compared with T2-weighted sequences, Tl- 
weighted images are usually more effective in assessing 
the cause of obstruction. Their contrast is higher and the 
enhancement of pathological lesions is helpful.” In addition, 
renal scarring and cortical thinning is easily identified.” 

3D MR angiography can be obtained during the initial 
injection of contrast agent, or secondarily. The enhanced 
vessels can be superimposed on the dilated urinary tract in 
order to plan the surgical approach. The detection of a 
crossing vessel in a patient with UPJ syndrome remains a 
challenge. This is especially true in children.” 
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Figure 8.7 Marked left upper tract dilatation related to an 
obstructive primary megaureter. A, B: Long TE T2-weighted 
images showing the marked dilatation of renal cavities and 
ureter and the hypertonic distal aspect of the left ureter. 

C: Dynamic enhanced MRI clearly demonstrates both 
hydronephrosis and increased transit tine of the contrast 
medium. D: Time-intensity curves confirm the asymmetry 
between both kidneys. Curves 1 and 2 correspond 
respectively to right and left parenchyma; curves 3 and 4 to 
left and right cavities. 
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Dynamic functional MR urography 


The functional parameters which can be noninvasively 
approached by MR are multiple: glomerular filtration, tubular 
concentration and transit, blood volume and perfusion, diffu- 
sion and oxygenation.” 

In the last decade, clinical studies have been based on 
exogenous contrast agents, such as ultra-small particles of 
iron oxide (USPIO)? and gadolinium chelates. 6677? 

Dynamic sets of coronal images across both kidneys were 
obtained after IV administration of a bolus of gadolinium 
chelate. MR renograms were computed from the changes in 
signal intensity of the total parenchyma, cortex, medulla and 
cavities.®° Paediatric uropathies have been particularly studied, 
with the expectation that MRI might replace renal scintigraphy 
as a nonradiating method (Figure 8.7C).°76778! 

Currently, there is no consensus about the acquisition 
protocol, which requires multiple optimizations prior to 


performing cl 


inical studies. 


As previously desc 


ribed, a normal patient hydration before 


the examination is required. Saline infusion is recommended. 
The administration of furosemide remains debatable. In the 
first MR studies, Lasix injection was performed 20 minutes 


after injection 


of Gd chelate, as is routinee in renal scintigra- 


phy.??° However, this resulted in a long acquisition time 


(approximate 


y one hour). Recently, an F- |5 technique (Lasix 


15 minutes before Gd 


was introduced with good results.°” 


The acquisition plane is oblique coronal after determination 


of the long axis of the 
based on single or multi 


idneys on sagittal views. Acquisition is 
ple slice 2D or 3D technique, using fast, 


heavily T | -weighted acquisition, repeated every 3—5 seconds 
during the 10-20 minutes after injection. 

Correction for body motion (mainly breathing) may be 
obtained after spatial registration. ROIs are usually drawn 
over a large area of parenchyma (including cortex and 
medulla), the entire kidney and the cavities.” When an 
obstruction is found in a duplex kidney, a separate analysis 
for both poles can be performed. Time-intensity curves 
obtained are similar to those of renal scintigraphy, which 
allow assessment of urinary excretion. Three segments can 
be described in this renogram: a short vascular phase, a 
second phase of slow signal increase until a maximum which 
can be used to assess split renal function, and a third phase of 
signal decrease due to contrast excretion (Figure 8.7D).°° 

Comparative analysis may reveal asymmetry in the kinetics 
of enhancement of the kidneys. Quantitative analysis is based 
on the determination of split renal function. Several methods 
have been described. Rohrschneider proposed quantifying 
the area under the curve of the second phase weighted by 
the volume of the parenchyma. This volume was inferred 
from amid | cm thick slice obtained in the best coronal plane 
of the kidneys. This approach is well correlated with the 
quantification obtained from ”’"Tc-MAG3 scintigraphy.” 

Asimple estimation of parenchymal volume of each kidney 
by MR is also well-correlated with the split function assess- 
ment from renal scintigraphy in children (r = 0.98).°” More 
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recently, the estimation of the renal transit time from the 
qualitative analysis of dynamic images has been demonstrated 
as a good indicator of obstruction. With dynamic contrast- 
enhanced methods, precise quantification remains limited as 
there is a nonlinear relationship between the signal intensity 
and the concentration of contrast medium. A signal drop at 
high concentration due to T2 and T2* effects can even be 
found, as previously mentioned.®'®? Potential solutions to 
decrease this phenomenon include the optimization of the 
Tl-weighted sequence parameters, the increase of urine 
flow rate by the injection of diuretics and the administration of 
low doses of gadolinium.®* Macrovascular agents have a very 
low interstitial diffusion and enable lower T2 effect. 


Conclusion 


For acute obstruction, nonenhanced CT is the first method 
performed in adults in many institutions, although the 
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9 The urologist’s view 


Stephen CW Brown 


Introduction 


The definition of urinary tract obstruction is a restriction to 
the flow of urine that gives rise to symptoms or threatens 
renal function. It may occur at any point from the minor 
calyces of the kidney to the external meatus of the urethra. It 
may be acute or chronic, complete or incomplete, upper or 
ower urinary tract depending on its origin in relation to 
the vesico-ureteric junction. Upper and lower urinary tract 
obstruction present different clinical issues and are therefore 
best considered separately. It is important, however, not to 
overlook the interaction between the upper and lower 
urinary tract, which is central to understanding the dynamics 
of the system as a whole. 

Obstructive uropathy is a functional disturbance and there- 
fore static imaging alone is inadequate for clinical evaluation. 
A dilated renal pelvis on intravenous urography or a large 
bladder residual volume on ultrasound may suggest obstruc- 
tion, but does not equate with it. In order to evaluate the 
ower urinary tract, the urologist is able to perform direct 
pressure—flow studies in the form of conventional filling and 
voiding cystometry. In the upper tract such studies are 
invasive and more difficult to relate to physiological condi- 
tions. Nuclear medicine has provided the clinically acceptable 
investigative techniques that have become the mainstay of 
functional upper tract assessment. Nuclear medicine plays no 
part in the management of lower urinary tract obstruction 
and is not considered further. 


Upper tract obstruction 


Acute obstruction of the upper urinary tract typically presents 
with pain and sometimes with complicating factors such as 
infection and haematuria. The diagnosis is usually identifiable 
on static imaging alone. Chronic obstruction can present with 
or without pain and may come to light as a manifestation of 
resulting infection or even uraemia. There may be the palpa- 
ble mass of a massively dilated renal pelvis. Commonly the 
first suggestion of obstruction is the finding of upper tract 
dilatation on X-ray or ultrasound. 


Symptomatic 
Significant Loss of fineton 
Complications, e.g. 
ra stones, infection 
Obstructed 
Equivocal a Asymptomatic 
dilatation Insignificant Stable function 
Unobstructed 
N Symptomatic 
[Significant _| Loss of function 
oo Complications, e.g. 
stones, infection 
Figure 9.1 Diagnostic steps in the treatment of equivocal 
dilatation. 


If a cause for the obstruction is evident, it is referred to as 
‘unequivocal’. Examples include ureteric calculi or urothelial 
tumours. Management is directed to relief of the obstruction 
and eradication of the cause. If no cause for the dilatation is 
evident, it is defined as ‘equivocal’. It is necessary firstly to 
determine whether obstruction is present, and secondly 
whether it is clinically significant, warranting intervention 
(Figure 9.1). Ideally the diagnosis of obstruction made should 
equate with clinical significance and therefore dictate the 
intervention required and the predicted outcome. This is not 
always the case, but careful application of renography with 
close attention to all physiological factors involved gives the 
best clinical guidance in these challenging cases. 


Investigation 


Renography 


The excretory role of the kidney lends itself to radionuclide 
scanning. The attachment of a gamma-emitting nuclide to a 
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molecule that is excreted and concentrated in the urine 
provides an ideal radiopharmaceutical for the purpose. 
Standardized protocols are well documented and should be 
adopted to optimize the value of the investigation and enable 
comparison between centres. | 


Protocol 


Patients should be well hydrated and the bladder emptied 
immediately prior to the start of the test. ”’"Tc-MAG3 is the 
radiopharmaceutical of choice as it is predominantly secreted 
giving a rapid clearance but readily available. The dose is injected 
intravenously, taking care to avoid extravasation or contamina- 
tion. Scanning proceeds for 20—40 min into the study and at 
east 15 min after the injection of diuretic in the case of diuresis 
renography. Digital images of the kidneys and bladder are 
stored for processing and interpretation. At the end of the 
procedure, the patient again empties the bladder. This reduces 
the radiation dose to the bladder and enables a check on the 
rate of urine production, which helps with interpretation. 
Regions of interest (ROI) are drawn over both kidneys and 
the bladder and a C-shaped elliptical area around the kidneys 
for blood background estimation. The number of counts 
occurring in each ROI is computed for each time frame and 
the counts plotted against time. The background count is 
subtracted from the other three. The resulting time—activity 
curves constitute the renogram. 


Interpretation 


The normal kidney curves have three classic phases shown in 
curve (Figure 9.2A). The first reflects the speed of injection 


Dose (%) 


Time (min) 


Figure 9.2 The renogram curve response to obstruction. 
A: Curve — demonstrating three phases of normal curve; 
B: effects of mild obstruction; C: effects of more severe 
obstruction. 


and the blood supply to the kidney. The second represents 
mainly the renal handling of the radiopharmaceutical and the 
third the efficiency of excretion of tracer in the urine. A 
normal pattern virtually excludes any degree of obstruction. If 
partial or complete obstruction is present, the depression of 
the slope of the second phase is representative of uptake 
decrease, an alteration of the third phase indicating impaired 
excretion (Figure 9.2B, C). Eventually function reduces unti 
uptake is little more than the background count and the 
appearances are those of a nonfunctioning kidney. At norma 
physiological urine flow, an obstructive curve may be 
obtained if there is inadequate hydration, a larger collecting 
system, poor function, or bladder interaction effects. Such 
false positives can be avoided if a maximal diuresis is achieved 
by performing renography in association with a diuretic. 


Diuresis renography 


The principles of diuresis renography were first proposed in 
the 1960s* and promoted by O'Reilly et al? as a simple 
method for differentiating patients with equivocal obstruction 
of the upper urinary tract. If a system is genuinely obstructed, 
flow is impaired at both high and low urinary flow rates 
(Figure 9.3A). In contrast, slow elimination due to urinary 
stasis alone will respond to an increase in the urinary flow rate 
with a rapid washout of tracer (Figure 9.3B). The increased 
flow is achieved with the sulfonamide ‘loop’ diuretic 
frusemide (furosemide). In a study of total urinary flow rates 
in 93 normal individuals, the resting flow, between | and 
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Figure 9.3 Principle of diuresis renography. (A) Obstructed: 
increased urine production leads to an accumulotion of 
tracer. (B) Nonobstructed: increased urine production leads to 
a corresponding increased washout. 
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Figure 9.4 Mean urinary flow rate following frusemide injection. 


3 ml/min, increased to an average of 24 ml/min following a 
40 mg intravenous injection of frusemide, with some individ- 
uals attaining as much as 50 ml/min (Figure 9.4).* In the same 
study it was noted that the response to the diuretic became 
maximal 15 min after diuretic injection. It follows that, if 
maximum diuresis is required throughout a renogram, the 
diuretic should be injected |5 min before the radiopharma- 


ceutical.” 


Interpretation 


A number of factors influence the effect of a diuresis on the 
renogram curve and must be considered when interpreting 
results (Figure 9.5). 


Renal function 

In adults, the level of renal function is a major determinant of 
the diuretic-induced flow rate. In a study to investigate the 
importance of renal function, linear relationships were 
observed between creatinine clearance,” glomerular filtration 
rate (GFR), effective renal plasma flow (ERPF)* and urinary 
flow rates following frusemide. These observations have 
immediate implications for the interpretation of the diuresis 
renogram. If single kidney GFR is <15 ml/min, caution should 
be observed in interpretation of the diuresis renogram. 


Hydration 
Even in the presence of normal renal function, the response 
to diuretic may be suboptimal if the patient is not adequately 


hydrated and flow is reduced (Figure 9.5B). Some authors 
have chosen not to rely on oral hydration alone and have 
suggested a forced diuresis with intravenous hypotonic saline 


prior to the study.® 


Figure 9.5 Causes of an ‘obstructive’ standard renogram 
curve. (A) True obstruction; (B) low flow; (C) large collecting 
system volume; (D) back pressure from bladder. 
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Collecting system volume 

The primary application of diuresis renography is to deter- 
mine whether a dilated upper urinary tract represents 
obstruction or merely stasis. Normally the increased flow 
following diuretic is sufficient to wash out the tracer accumu- 
lating in a dilated renal pelvis and confirm the absence of 
obstruction (Figure 9.5C). If, however, the collecting system 
is massively dilated, the increased flow may still be insufficient, 
despite a normal diuretic response and absence of obstruc- 
tion.” Kletter and Nurnberger'® observed when comparing 
diuresis renography with perfusion pressure—flow studies in 


80 ureterorenal units that agreement between the two 
methods for diagnosing obstruction was 88% when collect- 
ing system volumes were <30 ml, but only 58% when the 
collecting system volumes exceeded 70 ml. Diuresis renog- 
raphy in the latter cases suggested obstruction not confirmed 
by perfusion pressure—flow studies. 


Bladder effect 

Interaction between the lower and upper urinary tract is 
commonly overlooked. Jones et al'' demonstrated the 
influence of bladder filling on upper tract urodynamics by 
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Figure 9.7 Normal renogram curve. 


repeating perfusion studies in 21 patients with the bladder 
empty and then full (Figure 9.5D). Interactive effects of a full 
or filling bladder on upper tract emptying can usually be 
abolished by asking the patient to void during the study, e.g. 
10 min after the diuretic injection during F+20 renography. 
Continued data collection following voiding demonstrates 
changes in the upper tract urodynamics as a result of lower 
tract emptying. Certain groups of patients will require a 
renogram with an indwelling catheter if accurate reflection of 
upper/lower tract interaction is to be obtained. 


Timing of the diuretic 

The original description proposed injection of the diuretic 
20 min after the radiopharmaceutical, referred to as F+20 
diuresis renography. This enables the urodynamics through 
the upper tract to be studied without modification or manip- 
ulation. If rapid washout is observed, diuretic injection may be 
considered unnecessary, reducing the small but not 
insignificant inconvenience to the patient that results from 
uretic injection. If the maximum possible diuresis is required 
from the outset, the diuretic should be injected 15 min 
before the radiopharmaceutical (F- |5 diuresis renography) as 
previously discussed. '? It reduces the | 5—17% equivocal rate 
of F+20 diuresis renography to 3%.°'? Simultaneous injec- 
tion of tracer and diuretic (F+0 renography) gives an alterna- 
tive to the F-15 method which is more convenient and 
demonstrates results which are almost comparable in both 
children and adults.'*!° When a variable injection time is 
adopted it is advisable for standardization purposes to label 
the renogram accordingly, e.g. F-+15 or F-10. 


as 
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Left Right 
Relative function 57% 43% 
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Time to peak 2.3% 2.3 min 


Curve analysis 


Three classic responses were described in the original 
account of F+20 diuresis renography (Figure 9.6: HHll).? An 
additional response has since been added (Figure 9.6: IV). ”? 


I. Normal response before diuresis 

A normal washout is obtained at resting flow rates before the 
diuretic is given (Figure 9.7). If the renogram is repeated after 
a diuretic injection it is possible that the system may decom- 
pensate and obstruct at diuretic flow rates. This is rare as it is 
unusual to have significant obstruction without dilatation and 
the latter should be detectable on the standard curve. 


Il. Obstructive response 

The rising curve continues to rise despite injection of the 
diuretic, suggesting obstruction (Figure 9.8). Experimental 
evidence suggests that anything but an exponential clearance 
curve should be considered as evidence of obstruction.’ 
Before accepting the conclusion of a definite obstructive 
response, the clinician must consider all possible reasons why 
it may be falsely positive as discussed previously: unrecog- 
nized dehydration, poor renal function, massive dilatation or 
a bladder effect. Hydration and bladder effects can be 
controlled. A volume effect can be predicted from imaging 
studies and the analogue images. From an estimate of the 
prevailing renal function, it is possible to guess at the likely 
urinary flow rate.’ If single kidney glomerular filtration rate 
(SKGFR) is >16 ml/min, an obstructive response can be 
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Figure 9.8 Example of type Il diuresis renogram curve. 


confidently assumed to be correct providing hydration, flow to wash out the tracer. Under these circumstances an 
volume and bladder effects are excluded. If SKGFR is F—|5 study may be considered, but the increase in flow 


<l6 ml/min, the result must be scrutinized. It may be — compared with the F+20 study is likely to be minimal when 
obstructed, but there may have been insufficient increase in _ function is poor. 
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Figure 9.9 Example of type llla nonobstructive diuresis renogram curve. 
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Figure 9.10 Example of type lllo equivocal diuresis renogram curve. 


Illa. Nonobstructive response 

An initially obstructive rising curve falls on injection of diuretic 
(Figure 9.9). It indicates that, at the diuretic flow rate 
achieved, the collecting system drains freely. Dilatation is the 
result of stasis rather than obstruction. 


Ilib. Equivocal response 

The initial obstructive rising curve on injection of diuretic 
neither washes out briskly nor continues to rise. The 
response is said to be equivocal (Figure 9.10). It must be 
established whether the result reflects a good diuretic 
response and a partially obstructed outlet or a suboptimal 
diuretic response and normal nonobstructed outlet. It may 
also represent a massively dilated system which an optimal 
diuretic response still cannot wash out. 
This is the primary indication for an F—I5 diuresis 
renogram. If there has been adequate hydration and the 
SKGFR is > 16 ml/min, then the equivocal response probably 
indicates subtotal obstruction. The increased flow rate of the 
F—|5 renogram is sufficient to reduce the equivocal result to 
the 3% figure mentioned earlier.’ The three responses of the 
F—|5 renogram are shown in Figure 9.11. In the 3% who 
remain equivocal, it is policy to repeat the renogram in 3—6 
months to establish if there has been deterioration in 
function. If function remains stable, there may be no need to 
intervene. If SKGFR is <16 ml/min, then subtotal washout is 
an inconclusive result, probably due to subtotal diuretic 
response. An F—I15 renogram may help but is unlikely to 
produce an enhanced diuresis when function is at this level or 
below. This equivocal result cannot be resolved further by 


diuresis renography and the more invasive perfusion 
pressure—flow studies may be necessary to further clarify the 
situation. 


IV. Delayed decompensation 

The fourth response was first described by Homsy et al! as 
a ‘delayed double peak pattern’. The initial washout in 
response to the diuretic is good, but then the curve flattens 
or even starts to rise (Figure 9.12). O'Reilly noted a further 
five cases on review.'? The explanation rests with the steady 
increase in diuretic-induced urinary flow rate that does not 
peak until 15 min after injection. During the resting and early 
diuretic phases, the pertaining flow can be transported by the 
pelviureteric junction, Eventually, the flow rate reaches a level 
at which the system under stress can no longer transmit the 
urine load. It decompensates and further dilatation occurs. 
Outflow obstruction may even increase as a result. The 
balance is tipped and the amount of tracer entering the ROI 
drawn around the kidney exceeds elimination. The curve 
starts to rise once more. Other possible explanations must be 
considered before a firm diagnosis is made. A secondary 
infusion of radiopharmaceutical trapped in the forearm 
cannula might be persuaded into the circulation by arm 
movement: this should be avoided by adopting the technique 
of immediate flushing through the cannula with saline after 
the radiopharmaceutical injection. Vesicoureteric reflux could 
produce similar appearances but this and other interactive 
bladder effects can be excluded by asking the patient to void 
before completion of scanning or, better still, by placement of 
an indwelling catheter. If this fourth response is observed on 
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F+20 renography, it is the author's policy to proceed to an 
F—|5 renogram as the increased diuretic flow rate should 
unmask obstruction if the explanation for this delayed 
response is correct. In the five cases recorded by O'Reilly, '° 
performance of an F—I5 diuresis renogram confirmed 
obstruction in three of the five cases. This response is indica- 
tive of true intermittent obstruction and should be treated 
appropriately. 


Quantitative curve analysis 


Some prefer a more quantitative assessment of the derived 
renogram curves than that based on curve pattern alone. 
Calculation of radionuclide clearance half-times is one option 
for which there are at least seven different methodologies. '” 


Output efficiency'® and peak elimination rate’? are alterna- 
tives. Unfortunately, these methods suffer from problems in 
defining the normal and obstructed ranges and such indices 
have a considerable range of equivocal results. The author’s 
favoured approach is to study the curve pattern as a whole 
and therefore use all information available in reaching a 
diagnosis. 


Perfusion pressure-flow studies 


An alternative method for assessing obstruction, the perfu- 
sion pressure—flow study (PPFS), was proposed by Whitaker’ 
in 1973 and gained popularity at about the same time as 
diuresis renography. Saline or contrast medium is perfused 
across the obstruction at a fixed flow rate, usually 10 ml/min. 
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Figure 9.12 Example of type IV delayed decompensation diuresis renogram curve. 
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Figure 9.13 Parenchymal transit times. (A) Obstructed response. (B) Normal response. 


Obstruction is assumed if the pressure in the infusate rises 
above 22 cmH,O; a rise of less than 15 cmH,O excludes 
obstruction. 

The principle is entirely different from diuresis renography. 
The PPFS is a measure of outflow resistance to artificial perfu- 
sion of the renal pelvis and is unrepresentative of any other 
physiological parameters. Diuresis renography monitors 


increased but physiological urinary flow through the collecting 
system and is totally dependent on parameters such as the 
state of hydration and level of renal function. 

It is therefore not surprising that agreement between the 
two methods is varied, ranging between 53% and 85% with 
both methods over- and underdiagnosing obstruction. '°'? 
When assessing both methods, the important question is not 
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whether the urinary tract can deal with a high urine flow rate, 
but whether the urinary tract can under normal physiological 
circumstances handle the volume presented to it without an 
adverse effect on renal function or producing symptoms. 
Every system has its maximal transmission rate above which it 
will decompensate. If physiological flow rates do not exceed 
this, it is of little significance. 


Parenchymal transit time 
estimations 


A modification of renography to further evaluate upper tract 
dilatation is the calculation of kidney transit times.””* It is 
possible from stored renogram data to derive hypothetical 
curves which would result from a pulsed input of a unit 
quantity of tracer injected straight into the renal artery and 
subject to no recirculation. The process is termed “deconvo- 
lution’. If significant obstruction is present, the transit times 
across both the whole kidney and parenchyma are prolonged 
(Figure 9.13). In good hands the technique is accurate and 
the complex processing involved simplified by modern 
computer availability. Unfortunately, the analysis remains 
involved and the availability of the simpler diuresis renogram 
has restricted the use of parenchymal transit time estimation. 


Clinical application 


The application of diuresis renography as described provides 
the clinician with a working diagnosis of obstruction. Its clini- 
cal significance (Figure 9.1) is determined retrospectively by 
the outcome of the clinical action taken as a result. The 
obstruction proves therefore to have been significant if ‘relief 
of the obstruction leads to resolution of symptoms, restora- 
tion or preservation of function, and resolution of secondary 
complications. A functionally ‘proven’ obstruction which over 
time remains asymptomatic and associated with no loss of 
function is almost certainly not significant. The clinical applica- 
tion is best illustrated by reference to the commonest cause 
of equivocal upper tract obstruction which occurs at the 
pelvi-ureteric junction. 


Uretero-pelvic junction obstruction 


Dilatation of the renal pelvis is usually discovered by intra- 
venous urography or ultrasound in a patient being investi- 
gated for loin pain or haematuria (Figure 9.14) or may come 
to light as an incidental finding. The condition may be truly 
idiopathic, a neuromuscular defect at the pelvi-ureteric 
junction or associated with abnormalities such as aberrant 
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Left UPJ obstruction on intravenous urography. 


Figure 9.14 


lower pole vessels, kinks, adhesions or abnormal angulations. 
It may also be secondary to previous surgery, calculus disease 
or retroperitoneal scarring. 

Diuresis renography is the first-line investigation and is 
central at each stage of the management process. 

In a symptomatic patient with an obstructive renogram 
the treatment is surgical intervention. This is classically the 
dismembered Anderson—Hynes pyeloplasty. The obstructing 
segment of ureter is removed, dissected away from crossing 
lower-pole vessels if present and the dilated renal pelvis 
surgically reduced as necessary. 

The relative function obtained by the study also helps 
determine the type of intervention. Because there are two 
idneys and two upper tracts, reduction of function on one 
side may not be detected by the normal global parameters of 
renal function commonly employed. Without split function, 
the surgeon is unable to decide to what degree function must 
be preserved, e.g. whether a reconstructive pyeloplasty 
should be performed or whether a simple nephrectomy may 
be more appropriate. An important factor determining the 
type of intervention is often the amount of recoverable 
function of an obstructed kidney. DMSA scanning seems to 
be the most valuable noninvasive predictor of recover- 
able function.” An alternative method entails a |—2-week 


decompression of the kidney by percutaneous nephrostomy 
or stenting. Repeat renography after this period provides a 
better estimate of recoverable function upon which manage- 
ment decisions can be based. 


Outcome assessment 


Following surgery, dilatation usually persists or may even 
progress as a result and therefore functional imaging is essen- 
tial in follow-up. Renography combined with a measure of 
global function enables a comprehensive check on both 
urinary flow and individual kidney function. 

Categorizing obstruction according to the F+20 and F-15 
renographic responses described earlier, O'Reilly reported 
the outcome of 50 consecutive patients presenting with 
hydronephrosis. In those obstructed and undergoing surgery, 
a significant improvement in renal function was demonstrated 
in 96%.” Patients not obstructed on diuresis renography 
showed no deterioration in function over a 2-year follow-up 
period.*' In a study of long-term follow-up of 50 patients 
evaluated by F-—I5 renography, similar results were 
obtained.” All patients with an obstructed F-15 renogram 
who underwent reconstructive surgery showed symptomatic 
and renographic improvement; 37 out of 39 unobstructed 
F—|5 renogram patients remained unobstructed on a conser- 
vative follow-up policy. None of these experienced loss of 
split relative function in the kidney in question. 

Obstructive diuresis renograms can be associated with 

preserved individual renal function on serial assessment, but 
expectant management may lead to a significant deterioration 
in ipsilateral function.» Lupton and Testa managed expec- 
tantly 23 patients with unilaterally obstructed diuresis 
renograms. All were managed conservatively for reasons of 
poor operative risk or well-preserved ipsilateral function and 
each had minimal or no symptoms. Either F+20 or F-15 
renograms were performed and most had both at some 
time. The mean interval between serial scans was 10 
months. There was deterioration in relative function > 10% 
in only four of the 23 patients. Of these, three subsequently 
underwent pyeloplasty. The preservation of function in the 
majority may reflect that, in this patient group, everyday flow 
rates do not reach diuretic-induced levels and obstruction 
only happens when the system is maximally stressed. 
In a further study, 83 patients with hydronephrosis were 
investigated with pressure studies and renography and 
followed for a period of 17 years.** The decision to offer 
surgery was based primarily on symptom severity. Surgery 
was recommended in those patients under 50 years who 
were experiencing more than three episodes of pain per 
year. In this series 47 underwent pyeloplasty and 36 were 
treated conservatively. The investigation findings in this group 
are shown in Table 9.1. 

Forty-nine percent of the conservatively treated patients 
had obstructed or equivocal diuresis renograms. The 


The urologist’s view 77 


Table 9.1 Distribution of pathological, equivocal and 
normal findings at manometry and isotope renography, 
and the peristaltic pattern in patients with and without 
subsequent pyeloplasty 


Pyeloplasty No surgery 
No. pts. 47 36 
No. manometry pressure: 38 31 
% High 59 16 
% Equivocal 22 14 
% Low 19 70 
No. peristalsis 36 25 
% Pathological 88 38 
% Normal 12 62 
No. renography findings 32 22 
% Obstructed 69 27 
% Equivocal 12 22 
% Nonobstructed 19 50 


outcome of follow-up is given in Table 9.2 which demon- 
strates fewer complications in the surgically treated group 
though still relatively few in the nonsurgical. 

In addition, comparison of initial and late follow-up in the 
conservative group demonstrates no significant change in 
renographic assessment. This is not a randomized controlled 
study, but does raise the importance of considering all clinical 
and diagnostic information when deciding on patient manage- 
ment. 

Every series is complicated by the inclusion of a small 
number of patients presenting with loin pain who demon- 
strate no obstruction as defined by either renographic or 
perfusion pressure flow studies (Figure 9.1 ‘Significant nonob- 
structed patients’). In such instances, it is the author’s experi- 
ence that pain may associate with distension of a particularly 
low compliant but unobstructed pelvis. If surgery is under- 
taken, results are often disappointing with continuation of 
presenting symptoms. Management becomes that of chronic 
visceral autonomic pain and identification of other possible 
causes. 


Table 9.2 Complications during follow-up 


Pyeloplasty No surgery 
No. patients 4] 28 
Nephrectomy 5% 7% 
Residual pain 7% 14% 
Stone formation 5% 11% 
Pyelonephritis 5% 7% 
Hypertension 5% 7% 


78 Functional Imaging of Nephro-Urology 


Table 9.3 Outcome of series of open dismembered 
pyeloplasty 


Author Year Patients Success 
or kidneys (%) 
Poulsen et al? 1987 35 100 
O'Reilly?’ 1989 30 83-93 
MacNeily et al? 1993 75 85 
McAleer and Kaplan®ć 1999 79 90 
Austin et al?” 2000 135/137 91 
Houben et al®® 2000 186/203 93 
O'Reilly et al’? 2001 24 96 


Table 9.3 summarizes the results of additional series of 
patients undergoing the open dismembered Anderson— 
Hynes pyeloplasty. 

In a recent poll of endourologists in the USA, it has 
become apparent that minimally invasive procedures have 
increased in popularity with 60% offering endopyelotomy 
and 25% laparoscopic pyeloplasty.*” Endopyelotomy proce- 
dures performed either antegrade or retrograde have not 
matched the results of open pyeloplasty (Table 9.4). 


Table 9.4 Series of endopyelotomy 


Author Year Patients Success 
or kidneys (%) 
Schenkman and Tarry*° 1998 8 88 
Figenshau and Clayman‘! 1998 23 87 
Faeber et al’? 1995 32 81 
Capolicchio et al? 1997 9 88 
Motola et al“ 1993 212 85 


Giddens and Grasso’ 2000 28 83 


Even with endoluminal ultrasound to identify crossing 
vessels as the cause of the obstruction, endopyelotomy has 
started to give way to the dismembered pyeloplasty 
peformed laparoscopically. In a series of 4| patients success 
rates of 94% were obtained with laparoscopy compared 


Table 9.5 Series of laparoscopic pyeloplasty 


Authors No. Follow-up Success 
(months) — (%} 
Bove et al” 11 21.3 91 
Bentas et al (robotic)*® 11 12 100 
Klingler et al? 25 23.4 96 
Sundaram et al (secondary ops) 36 21.8 83 
Parkin et al*? 18 19 94 
Siqueira et alë’ 19 14.4 94 
Jarrett et al? 100 32.4 96 


with 73% for ultrasound-assisted endopyelotomy.*® This 
success rate for laparoscopic pyeloplasty mirrors other series 
and, though follow up is very short, is similar to results for the 
open operation (Table 9.5). 


Urinary calculi 


In adult urological practice urinary calculi are the most 
common cause of upper tract obstruction and therefore 
warrant consideration. The intravenous urogram or comput- 
erized tomography are usually involved in first-line diagnosis. 
The presence of obstruction is suggested from a dense 
nephrogram and delay in opacification of the collecting 
system. Ultrasound in conjunction with a plain abdominal film 
is advocated by some, but gives no information at all regard- 
ing function and does not exclude obstruction. A plain film 
with renogram for initial assessment has been advocated as 
an alternative to contrast studies.*’** In a series of 80 patients 
investigated with a MAG3 diuresis renogram and noncontrast 
helical CT within 12 hours of admission, patients were 
categorized according to  renographic response: 
unobstructed, partially obstructed, totally obstructed or 
decompressed ‘stunned’ postobstruction.°? The outcome of 
each of the groups is shown in Table 9.6. 


Table 9.6 Functional categories in acute renal colic’ 


Category % of Outcome 
patients 
Unobstructed 21 Discharged 
Partially obstructed 32.5 Pain relief/decompression 
Totally obstructed 24 Pain relief/decompression 
Decompressed ‘stunned’ 22.5 Discharged 
postobstruction 


This group demonstrated that KUB radiography, and even 
positive helical CT findings had a low positive predictive value 
for obstruction (in this study, 35%, 32% and 56%, respec- 
tively). Anatomic studies, including helical CT, should be 
followed by diuretic renography to diagnose and quantify 
obstruction and detect spontaneous decompression. 
Appropriate stratification of patients for emergency interven- 
tion, observation and medical therapy could greatly enhance 
medical management. 

If a patient with a small or medium stone becomes symptom 
free, it is reasonable to allow the patient home in anticipation of 
the stone passing spontaneously. A normal diuresis renogram 
allows this decision to be made with confidence. There are a 
small group of patients who may be pain free yet have marked 
obstruction.” This may arise in cases where pain has persisted 


for more than 3—4 days but then ceased. Such cases were 
noted by Older et al?’ and Craven & Lecky,™® who reported 
silent postobstructive renal atrophy on follow-up urography of 
patients with ureteric calculi. The patient should be reviewed 
regularly with a plain film and if the stone remains in place, a 
renogram requested. Increasing obstruction or a deterioration 
in split function on repeat scanning is an indication for interven- 
tion. In a study of 76 patients presenting with acute calculous 
obstruction, Kelleher et al? observed that, in all but two, ipsilat- 
eral split function returned to normal once the stone had 
passed or been removed. 


Lower tract pathology and 
upper tract urodynamics 


Lower tract dysfunction cannot be divorced from the upper 
tract. In patients with neuropathic bladders, reflux and chronic 
retention of urine, the effects on upper tract urodynamics may 
be profound. Mitchell identified two types of chronic reten- 
tion: those with low-pressure residuals and those with high- 
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pressure residuals. lt was noted that the latter group with ‘high- 
pressure chronic retention’ (HPCR) commonly developed 
associated upper tract abnormalities. If unheeded, severe 
hydronephrosis, uremia, hypertension and overflow inconti- 
nence would intervene. This group has been extensively 
studied. In the early stages of HPCR, upper tract function is 
normal. Ureteric peristalsis proceeds unhindered. As the hydro- 
static pressure in the bladder rises, drainage of the upper tract 
is impaired and only proceeds in response to frusemide. 
Dilatation increases and is initially maximal in the supine position, 
When dilatation is sufficient to prevent the ureteric walls coapt- 
ing between boluses, the disruption in flow becomes marked. 
This is reflected in obstructive renographic appearances, though 
simultaneous measurement of pressures in the bladder and 
upper tract in cases of HPCR demonstrate the pressure in the 
renal pelvis to be consistently lower.°' Bladder drainage has 
a profound effect on the renogram, as demonstrated by 
George.” In management terms, renography at this late stage 
of HPCR is of academic interest only. More important is an 
isotopic GFR measurement to assess overall loss of function 
resulting from the chronic obstructive uropathy. It does serve, 
however, to stress the importance of considering the whole 
urinary tract when evaluating obstruction. 
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Antenatally detected hydronephrosis 


10 Introduction 


Amy Piepsz 


Why separate obstruction in 
infants from obstruction in 
older children and adults? 


Since the advent of fetal ultrasonography in the late 1970s, 
and the introduction of the systematic antenatal screening of 
hydronephrosis, the clinician is faced with an important 
population of infants with hydronephrosis. Dilatation of the 
fetal collecting system is observed in about 0.25% of 
pregnancies. Beside entities such as urethral valves, vesico- 
ureteral reflux, hydro-ureteronephrosis or complicated 
duplex kidney, isolated pelvic dilatation will conceivably be 
the result of pelviureteric junction stenosis (PUJ). These 
neonates with PUJ are in good health and present no 
symptoms. The natural history of this condition, as well as its 
optimal management, are still a matter of debate. In contrast, 
obstruction in adults is often discovered on the basis of 
symptoms related to a heavy underlying pathology, and the 
controversy around the therapeutic attitude is less 
controversial. 
A specific difficulty related to these young children is the 
initial immaturity of the renal morphology and function and 
the progressive changes that will occur during growth. 
Ignorance of these maturation patterns may result in serious 
errors of interpretation. 
Moreover, several technical problems are related to this 
young age. Keeping the child quiet during any examination is 
a main concern, since movement may interfere with the 
quality of the test. A member of staff specifically trained in 
handling children is essential. 
The small size of the kidneys, the thin cortical structure, the 
important overlap between collecting system and cortical 
area may all introduce difficulties in delineating the regions of 
interest, in correcting for non-renal tissue and in defining the 
cortical area. Similarly, the immature renal function is respon- 
sible for an unfavourable signal-to-noise ratio which may 
interfere with the precision of the measurements. 
Finally, the responsibility of the clinician dealing with these 
young infants is great in this particular period of life, during 
which so many haemodynamic and urodynamic changes may 
interfere with the development of the kidney. Strategies of 
management are therefore aimed at preserving renal function 
and preventing the occurrence of severe infections. 


Complete and partial 
obstruction 


A traditional statement which is frequently used in the intro- 
duction of papers dealing with this clinical entity is that ‘it is 
important to diagnose obstruction since obstruction left 
untreated will lead to loss of renal function’. 

This is undoubtedly true in cases of total or subtotal 
obstruction. Urethral valves, for instance, constitute a neo- 
natal emergency requiring a rapid surgical solution. Similarly, 
many situations observed in adults, such as stones or cancer 
with progressive invasion of the urinary tract, will lead to loss 
of renal function. 
The antenatally detected PUJ is, in contrast, a partial 
obstruction and does not represent a surgical emergency. In 
most cases, this situation, even untreated, will not lead to loss 
of function. 
Numerous experimental studies have been carried out in 
order to simulate the clinical model of antenatally detected 
PUJ. Chevalier et al’? have demonstrated renal atrophy and 
apoptosis as a consequence of obstruction. It is clear, 
however, that the models created are subtotal or total 
obstruction. The consequences of these types of obstruction 
do not represent what is observed in children with PUJ. 
Josephson, a pioneer in the experimental approach of this 
pathology, has shown long-term preservation of renal 
function and anatomy despite the created obstruction.* The 
Ulm and Miller's model that he used creates a partial obstruc- 
tion but again might not necessarily mimic the degree of 
narrowing seen in children. 


Role of medical imaging 


What is expected from medical imaging in PUJ is to allow the 
clinician to estimate the severity of the disease at diagnosis, to 
detect any degradation of renal morphology and function 
during follow-up, to decide on time about the management 
or the change in management of the patient and to estimate 
the results of the therapeutic approach. 

A great number of parameters can be measured and the 
following chapters will try to clarify the respective importance 
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of all these measurements. The size of pelvis and calyces in 
various physiological conditions will give timed information 
about the importance of hydronephrosis and the compliance 
of the system. Acceleration of kidney growth, on the contra- 
lateral side of the hydronephrotic kidney, may tell something 
about the functional behaviour of the dilated kidney. Invasive 
flow and pressure measurements have long been considered 
as the gold standard for obstruction. Level of function of the 
hydronephrotic kidney, as well as of the contralateral kidney, 
can presently best be measured by means of radionuclide 
methods. The quality of renal drainage is the other parameter 
provided by the renographic analysis, although the value of 
the information, in the case of poor drainage, is debatable. 
Histological studies are rare and concern exclusively operated 
patients. The biopsy findings speak for congenital creation and 
against progression of renal damage. In only a small number of 
idneys did the renal microstructural changes contradict the 
successful expectancy course. The importance of some 
biological markers has still to be assessed. TGF-B | in the urine 
might be a marker of fibrosis, and might therefore reflect the 
compliance of the pelvic wall.’ 


Radiological approach 


The introduction of fetal ultrasonography has considerably 
modified the attitudes in PUJ, since it is now possible to 
develop strategies of management from the very first hours of 
life. As will be developed in Chapter |l, a considerable 
amount of information is currently available concerning the 
incidence of this entity or the acceptable cut-off values for a 
‘significant’ increase in the anterior—posterior diameter. A 
related and essential topic is the adequate transmission of the 
information provided by fetal ultrasonography to the team 
who will take care of the child postnatally. Such a systematic 
approach is mandatory for any adequate prospective study. 

Additional techniques for better definition of the morphol- 
ogy of the urinary tract are nevertheless useful in some situa- 
tions and may help, for instance, in a better approach to 
infundibular stenosis or ureteral morphology, such as mid- 
ureteral stenosis. Intravenous urography, which has been the 
reference technique for many years, has now almost disap- 
peared from the diagnostic strategy. This point, as well the 
recent introduction of magnetic resonance and CT scans, will 
be reviewed in Chapter | |. 


Nuclear medicine 


There has been significant progress in recent years in the 
information provided by the nuclear medicine renogram. 
The new tracers with high extraction rate, such as "Tc 


MAG3, |'? Hippuran or ”"Tc EC have a better signal-to- 
noise ratio than with "Tc DTPA, the latter tracer still being 
widely used. This is particularly important in young infants, in 
whom determination of parameters such as the differential 
renal function becomes significantly more accurate when 
using tracers with a high extraction rate. Details about 
techniques and pitfalls have been collected in recent consen- 
sus conferences and guidelines.°’ 

Differential renal function is undoubtedly an important 
parameter, allowing estimation of the quality of renal 
parenchyma at diagnosis and during follow-up. By definition, 
however, this parameter has limitations and it would be 
significant progress to be able to define the single kidney 
function in absolute values and not simply by comparison with 
the contralateral kidney. The gamma camera parameters 
suffer, however, from a degree of inaccuracy, due to the 
numerous correction factors which have to be introduced, 
and no guidelines concerning this approach are presently 
available. Combining a blood sample method for overall GFR 
and a split function by means of renography may represent 
the best possible approach to single kidney function. 

Estimation of renal transit will generally confirm a marked 
renal stasis, whatever the cause of hydronephrosis. Furosemide 
stimulation will try, in another step, to differentiate simple stasis 
from severe retention of tracer within the kidney. This is one of 
the main controversies that will be approached in Chapter | 2. 
Similarly it is now considered that one should attempt to reach 
the best possible quality of drainage and therefore acquire late 
images performed after the effect of gravity and micturition. 
New parameters, such as output efficiency and NORA,®” will 
allow us to quantify more objectively the performance of the 
furosemide stimulation. Cortical transit, which has been put 
forward because it may bypass the uncertainties related to the 
dilated cavities, has until now not proved to be efficient in the 
approach of antenatally detected hydronephrosis. 

Finally, an alternative approach to the renogram might be 
the quantitation of renal function by means of "Tc DMSA, 
even if no information on renal drainage is available using this 
technique. Because of the very high signal-to-noise ratio, it 
might be the most accurate way to estimate the differential 
renal function in infants. The constraint is, however, the need 
to acquire the data over a long period (24h), in order to 
avoid any artificial accumulation of tracer within the collecting 
system.'° As far as absolute DMSA uptake is concerned, the 
principle of this determination has been seriously 
questioned.'' Moreover, no data are available concerning the 
day-to-day reproducibility of the method. 


Pressure and flow 
measurements 


Measuring pelvic outflow resistance during provocation has 
for a long time been a gold standard for obstruction.'? The 


test has, however, not reached wide acceptance in young 
children, because of the invasiveness of the technique and the 
inaccuracy related to the administration of large, nonphysio- 
logical fluid volumes. Alternatively, the measurement of flow 
under a strictly constant pressure level might become a useful 
predictor in the future.” 


Biological markers 


The microstructure of the wall in and around the PUJ has 
been described and revealed as a consistent accumulation of 
collagen and elastin. The fibrosis of the pelvic wall may result 
in lower pelvic compliance and, as a consequence, in higher 
and more frequent pressure peaks. TGF-BI, a powerful 
promoter of collagen formation, is considerably raised in the 
tissue of PUJ walls that have this collagen deposition.'* 
Urinary TGF-B | could become a valuable marker of fibrosis 
combined with low pelvic compliance. 


Can we define obstruction at 
initial diagnosis? 


Stratifying the children with antenatally detected pelvic dilata- 
tion into two categories, those with and those without 
obstruction, is undoubtedly too simplistic a way to classify 
these patients. PUJ is in any case only a partially obstructed 
system and the degree of partial obstruction probably lies 
within a continuum, between slight and much more 
pronounced narrowing of the junction. Several factors, such 
as infection or position of the patient, can modify the degree 
of obstruction. 

The size of cavities, as measured by means of radiological 
techniques, not only depends on the degree of narrowing, 
but also on factors such as compliance of the system, and 
therefore cannot serve as a marker of obstruction. Entities 
such as dilated vesico-renal reflux, obviously not related to 
obstruction, might reveal a similar degree of dilatation. The 
pitfalls related to pelvic pressure measurements have already 
been underlined. Differential function, as provided by the 
renogram, can be abnormally low as a consequence of 
obstruction, but additional factors such as associated renal 
dysplasia may explain an initial low function. Poor drainage 
under furosemide can be due simply to the reservoir effect 
of a dilated cavity. Finally, inspection of the pelviureteric 
junction during the pyeloplasty procedure will confirm, 
despite the narrowing of the junction, the still permeable 
lumen. The only definition of obstruction on which there is an 
agreement is ‘the kidney which left untreated will show a 
deterioration of renal function’. This is unfortunately a retro- 
spective diagnosis. 


Introduction 85 


Can we predict deterioration 
of kidney function and 
anatomy? 


More interesting is probably the question of whether or not 
we can predict deterioration of function and anatomy at initial 
evaluation. There are, however, no solid data demonstrating 
that the size of the renal cavity, the differential renal function, 
the level of pelvic pressure or the response to furosemide 
can pick up the patients at risk of deterioration. Lack of well- 
conducted prospective studies on nonoperated patients is 
probably responsible, at least partly, for the absence of clear 
replies to these questions. Other factors should also be 
prospectively evaluated. Noncompliant systems, as illustrated 
in Chapter 13, may represent a major risk factor and so it is 
worthwhile systematically evaluating the dosage of TGF-B | 
as a marker of fibrosis and therefore of noncompliance. 


What are the risks of a 
conservative nonsurgical 
attitude? 


We have come far from the time when all children with PUJ 
were operated upon. Absence of symptoms, in those 
children antenatally detected, is certainly the main factor 
contributing to the choice of a nonsurgical attitude. The 
experimental and clinical work of some pioneers*!”''® has 
stimulated the clinicians to give the preference, in many 
circumstances, to a conservative attitude. Nevertheless, 
diverging opinions still exist and the controversy remains 
intense around the criteria for surgery and even the principle 
itself of no intervention in infants with PUJ.'’ Fear of loss of 
function, while the anomaly has been known since fetal life, is 
put forward. 
A remarkably extensive compilation and critical review of 
the extremely heterogeneous literature has recently been 
published by Josephson.'®*!? Another huge compilation has 
also been published recently by Eskild Jensen et al.” 

The most characteristic point coming out of these reviews 
is the lack of rigorous studies and the total absence of 
randomized studies on patients selected without initial preju- 
dices. Series give contradictory results but are not compara- 
ble. One can only hope that well-designed studies, using 
techniques which are now well standardized, will be under- 
taken in the coming years, allowing the clarification of many 
unanswered questions. 

In Chapter |2 Frakizer will analyse the diverging results in 
the literature. In Chapter 13 Koff will present his own large 
experience over 10 years of a systematic conservative 
attitude. 
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In this introduction, | will simply put forward some of the 
main questions related to this controversy and some partial 
answers issued from the analysis made by Josephson in his 
recent compilation. 


Is expectancy generally 
justifiable? 


As a matter of fact, overall results are encouraging. According to 
Josephson's compilation,'*'” 90% of 474 neonates allocated to 
watchful waiting were not operated on. Only 10% were 
subjected to delayed pyeloplasty, mostly because of an increase 
in pelvic size and/or decreasing differential renal function. 


How often did symptoms 
occur in cases of 
expectancy? 


Symptoms rarely occur. UTI is noted in about 5% of cases 
and is generally mild in nature. Renal colic seems to occur 
extremely rarely. 


Does huge hydronephrosis 
foretell future function loss? 


Josephson’s survey'® showed that half of the expectancies 
had an initial gross hydronephrosis. Nevertheless, in 88% of 
them, the nonoperative treatment could be carried through. 
On the whole, reports of increasing pelvic size were rare. 
Thus, so far, the presence of a gross hydronephrosis seems 
to have a limited prognostic value. 


What is the risk of function 
loss during expectancy? 


Again, according to Josephson's compilation, !®!? expectancy 
was successful in 90% of the cases. Cross-over to delayed 
pyeloplasty was decided in about 10% of cases, the reason 
being either pelvic size increase or deterioration of differential 
function. These events mostly occurred during the first two 
years of life. 

For those kidneys with an initial DRF less than 40%, 
expectancy led, according to Koff et al,' to improvement of 


function in about 70% of cases. In those cases with deterio- 
ration of function, late pyeloplasty, performed without delay, 
generally restored the initial DRF values. Early pyeloplasty, in 
cases where DRF was less than 40%, probably did not result 
in a higher percentage of cases with restoration of function. 


Does early surgery result in 
better preservation of split 
function than late surgery 
after deterioration of 
function? 


The data available are essentially based on noncomparable 
series of patients. Patient series from the past are of no use 
for such an analysis, as they constitute a selected group of 
older and symptomatic cases. Clear answers can only come 
from well-designed prospective randomized studies. 


What can be the long-term 
hazards of an expectative 
attitude? 


The experience on follow-up of conservatively treated 
patients is still limited in time and is not more than 10-15 
years. In the past, however, when patients were addressed 
for PUJ discovered because of symptoms, DRF was often 
acceptable or almost normal, suggesting that the effect of 
symptoms on function was relatively modest. 

Long-term follow-up on these patients is desperately 
needed, in order to evaluate more precisely the frequency 
and consequences of clinical symptoms, or the occurrence of 
complications such as severe tubular disease or stones. 


Alternatively, is early surgery 
the solution to avoid any 
further complication? 


Although not well documented, the occurrence of clinical 
complications is still possible in cases of pyeloplasty. Severe 
and recurrent infections due to multiresistant bacteria may 
follow the surgical procedure. Variable surgical complications, 
from minor events, such as leakage, to loss of renal function 
are possible in a minority of cases. 


In cases of conservative 
treatment, how often should 
examinations be performed? 


Those in favour of a conservative approach insist on the 
necessity of close follow-up, particularly during the first two 
years.”! Ultrasound is certainly the instrument of choice to 
detect rapidly any significant alteration of pelvic size. The 
information about whether one can rely on repeated ultra- 
sound to decide about performing a control of renogram is 
still required. In other words, can one assume an unchanged 
or improved function on the basis of a stable or improved 
hydronephrosis? 


Conclusion 


Antenatally discovered PUJ is still, after 20 years, a major field 
of controversy. 

Expectancy and close follow-up have progressively gained 
wider acceptance, although the surgical approach, either 
systematic within the first months of life, or on the basis of 
variable morphological or functional parameters, is still the 
current preference for many clinicians. Progress in under- 
standing the best approach to adopt can come only from 
well-designed prospective studies. Close follow-up of both 
groups of patients will be required anyway, since unexpected 
unfavourable developments are possible in both situations. 
Two extreme cases will illustrate this last statement. 
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Case 1 


Antenatally detected right PUJ, closely followed by means of 
ultrasound and renography. 

A renogram was performed at 10 months (Figure 10.1). 
Furosemide was injected together with the tracer (FO test). 
The right kidney looks somewhat enlarged on the first |—2 
minutes. The split function is normal (left 49%, right 51%) 
despite a clear stasis in this right kidney, as seen at the end of 
the renogram (NORA, = 1.38). A late image was 
performed after the effects of gravity and micturition and 
showed a very satisfactory emptying of this right kidney 
(NORA, ostma = 0.6). Overall glomerular filtration rate, 
measured by means of Cr-5!1 EDTA, was 95 ml/min/ 
1.73 m’. The conservative attitude was maintained. 

The procedure was repeated 19 months later, at the age 
of 2.5 years. No particular clinical event was noted between 
the two renograms. The split function on the right side has 
now deteriorated considerably (left 84%, right 16%) while 
almost no emptying occurred on the late postmicturition 
image (NORA, ssimice = 3.08). Overall GFR was now 
64 ml/min/ 1.73 m’, despite the normal maturation which 
could be expected at that age. 

Late pyeloplasty was performed |5 days later. One year 
later, only slight improvement of the right split function was 
observed (22%). There was no further improvement one 
year later. 


Comment 


Although it is well known that some deterioration may occur 
in cases where a conservative approach has been taken, it is 
rare to observe such an extreme loss of function. 


Renogram performed at 10 months under furosemide stimulation (FO test) 


0-1 min 1-2 min 19-20 min 


FO test ...... 19 months later (2.5 years) 


1-2 min 


19-20 min 


0-1 min 


Postmicturition 


Figure 10.1 
above. 


For legend, see text in Case 1, 


Postmicturition 
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Preoperative basic renogram 


0—1 min 1-2 min 19-20 min 


Preoperative frusemide test 


19-20 min 


F + 0-1 min F + 1-2 min F + 19-20 min 


Basic renogram, 6 months after pyeloplasty 


1-2 min 19-20 min 


0—1 min 


Case 2 


Right PUJ detected by ultrasound performed at the age of 
|| years, because of urinary tract infection. The renogram 
performed shortly after the diagnosis showed (Figure | 0.2) 
an almost symmetrical split function (57% left, 43% right), as 
well as a renal stasis bilaterally, more pronounced on the right 
side. Furosemide was injected at the end of the renogram 
and the acquisition under furosemide showed a complete 
renal emptying on the left and a partial emptying on the side 
of the hydronephrosis. The postmicturition image revealed a 
good emptying of the right kidney: the residual activity in the 
right kidney was only 6% of the initial activity at the moment 
of injection of furosemide. Overall GFR (Cr-5! EDTA) was 
108 ml/min/|.73 m’. 

Pyeloplasty was performed with the aim of preventing any 
possible renal damage. The operation was uneventful. 
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11 The radiological approach 
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Introduction 


Hydronephrosis is defined as a dilatation of the renal collect- 
ing system. Hydronephrosis should be differentiated from 
urinary tract obstruction as dilatation can be present without 
any obstruction. Congenital anomalies of the urinary tract 
represent 20% of all congenital malformations.' According to 
Peters,’ obstruction is a condition of impaired urinary 
drainage which, if uncorrected, will limit the ultimate 
functional potential of the kidney. 

The consequences of urinary tract obstruction vary in accor- 
dance with the age of the fetus (or child) at the onset of the 
disease, and with its natural history (transient vs permanent 
obstruction, occurrence of acute or chronic complications). 

The renal parenchyma and the excretory system may be 
affected by obstruction. Thinning of the renal cortex, devel- 
opment of cysts, dilatation and histological changes of the 
pelvic and ureteric wall can be observed. 

Detection of antenatal hydronephrosis on routine ultra- 
sound examinations performed during the second and third 
trimesters of pregnancy has completely changed the post- 
natal management. Nevertheless, numerous cut-off values 
have been proposed for the antero-posterior diameter of the 
fetal renal pelvis as well as different classifications grading the 
fetal urinary tract dilatation in order to correlate prenatal 
findings with postnatal outcome.** 

Optimal postnatal management begins with organized 
communication of the medical records of the fetus (images, 
reports, measurements) to the paediatric or surgical team 
who will take care of the newborn child. After birth, different 
imaging modalities are available including sonography, voiding 
cystourethrography, IV urography, pressure flow studies, 
diuresis renography and MRI. The main objectives of these 
various studies are to illustrate the anatomy of the urinary 
tract, to quantify the split renal function, and to assess the 
elimination curve of urine. 

Some preliminary comments regarding the limitations of 
imaging should be made: 


e Dilatation and excretion curves can fluctuate depending 
on hydration, bladder pressure and position of the child. 

e = Intermittent ureteropelvic junction (UPJ) obstruction can 
be missed by the usual tests and could remain a good 
indication for pressure—flow studies. 


Jean-Nicolas Dacher 
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e In infants less than 6 weeks old, the renal immaturity 
alters the quality of contrast medium-based imaging 
studies. 

e Information obtained from a single imaging study is 
limited. Follow-up examinations are of extreme impor- 
tance in the context of obstruction. 

e Follow-up examinations remain necessary after surgical 
relief of the obstruction. 


Definition of fetal 
hydronephrosis 


Measurement of the antero-posterior diameter of the renal 
pelvis on an axial scan of the fetal abdomen permits the 
detection of dilatation of the upper urinary tract (Figure | |.1). 

A superior to 4 mm renal pelvis before 33 weeks gesta- 
tional age (GA) or >7 mm after 33 weeks GA is a 100% 
sensitive criterion. However, the false-positive rate is very 
high in those conditions.° 

Other values were proposed:° 


e Prior to 24 weeks GA, the fetal urinary tract is normal if 
the renal pelvis AP diameter is 4 mm or less, calyces and 
ureters are nonvisible and the bladder is normal. 

e After 24 weeks GA, the fetal urinary tract is abnormal if 
the renal pelvis AP diameter exceeds 10 mm, if the 
calyces are visible, if the ureter is dilated and if the 
bladder or the posterior urethra is enlarged and/or has a 
thickened wall. 


Anderson et al’ defined criteria for fetal hydronephrosis as 
follows: >4 mm before 24 weeks GA, >6 mm at 24-30 
weeks GA, >8 mm after 31 weeks GA. 

Fetal ultrasound can identify other predictors of outcome: 
involvement of one or both kidneys, evaluation of coexisting 
renal dysplasia (hyperechoic cortex, cysts), qualitative evalua- 
tion of the renal function from the assessment of lung 
development and the amount of amniotic fluid. 

The abnormality should be characterized as much as possi- 
ble by prenatal ultrasound, which in most cases cannot 
provide a complete urological diagnosis. This is the comple- 
mentary role of postnatal evaluation, which is scheduled 
based on prenatal findings. 
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Figure 11.1 


Third trimester ultrasound in a fetus with left hydronephrosis. A: Normal right kidney. Nondilated excretory system. 


Normally differentiated parenchyma. B: Axial scan of the left kidney showing a 22 mm AP diameter of the pelvis. UPJ obstruction 


was diagnosed posinatally. 


Any fetus with hydronephrosis detected during the second 
trimester should be amenable to a follow-up study during the 
third trimester. The third trimester ultrasound seems to be 
the best predictor of postnatal uropathy. However, there is 
no direct correlation between the degree of dilatation and 
the renal function.°° 


Causes of fetal 
hydronephrosis 


Various causes of fetal hydronephrosis have been 
described.°?"!'! Transient and physiological hydronephrosis 
(extrarenal pelvis) represent respectively 48% and |5% of all 
cases. Recognition of these abnormalities is important to 
schedule appropriate postnatal follow-up. 

When transient and physiological hydronephrosis have 
been eliminated, structural aetiologies are to be considered. 
The respective percentages of different uropathies vary in the 
literature according to the prenatal criteria of hydronephrosis, 
and the organization of postnatal follow-up. Thomas'' 
showed that ureteropelvic junction (UPJ) obstruction and 
vesico-ureteral reflux (VUR) were the most frequent causes. 
Other causes are megaureter, duplicated ureters with or 
without ureterocele, posterior urethral valves and multicystic 
dysplastic kidney. 


Ureteropelvic junction (UPJ) 
obstruction 


UPJ obstruction is a quite complex and variable entity. This 
common obstruction of the urinary tract is thought to be due 
to an abnormal segment of the proximal ureter, a combina- 
tion of muscular fibre disarray, excessive collagen deposition 
and abnormal intercellular conduction. 

Kidney malrotation (e.g. horseshoe kidney) has been 
described as frequently associated with UP] obstruction. '? 
The natural history of UPJ obstruction is difficult to predict: 
pressure- or volume-dependent UP] obstructions have been 
described. ? Pressure-dependent obstructions roughly follow 
the hydrodynamics of a narrowed tube. Conversely, in 
volume-dependent obstruction, hydronephrosis aggravates 
abruptly when the renal pelvis reaches a given volume (Figure 
| 1.2). The latter type can lead to intermittent obstruction, 
which is a challenging diagnosis. A crossing vessel (usually an 
artery) seems to be more frequently associated with intermit- 
tent UP] obstruction.'*'° Crossing vessels were described in 
| 1—49% of kidneys with UP} obstruction:'® they are more 
commonly observed in adults and in older children than in 
infants or young children referred for prenatal diagnosis of 
hydronephrosis. 

In cases of volume-dependent obstruction, when the criti- 
cal volume of the pelvis has been reached, an obstructive 
kinking of the proximal ureter occurs which may be seen on 
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Figure 11.2 The unpredictible natural history of ureteropelvic junction obstruction. Prenatal diagnosis of moderately dilated 
excretory cavities had been made on the left side. A: First IVU performed at 1 year of age showed mild dilatation and no criteria 
of obstruction. B: Three years later the same child was referred for lumbar fossa pain. IVU (delayed film) showed severe UPJ 


obstruction. 


imaging or at surgery. The multiform nature of UP] obstruc- 
tion explains why it is not possible to detect all cases prena- 
tally: a fetus with a ‘normal’ pelvis can become a patient with 
an acute obstruction of the UP] at any age of his/her life. In 
addition, diuresis renogram or functional MR cannot eliminate 
volume dependent UP] obstruction if the critical volume of 
the pelvis has not been reached during the examination. 


Vesico-ureferal reflux (VUR) 


VUR is a common cause of fetal hydronephrosis (Figure 
| 1.3). In addition, it is known to be associated in 20-50% of 
children presenting with an acute urinary tract infection even 
if they had no previous known renal disease.'” VUR is known 
to be a significant risk factor for renal damage. 

Whether primary or secondary to vesico-sphincteric disor- 
ders (voiding dysfunction, bladder outlet obstruction or neuro- 


genic bladder disorder), VUR usually results from an abnormal 
valve-like mechanism of the ureterovesical meatus. '° 

Prenatally detected VUR is more frequent in boys. This 
male predominance led to the theory of the transient fetal 
bladder outlet obstruction.'””° The spontaneous regression 
of prenatally detected VUR was widely described. 

VUR is commonly associated with other urinary tract 
anomalies (UPJ obstruction, megaureter, kidney stone, dupli- 
cated ureter, ectopic ureter, bladder diverticulum). 


Ureterovesical junction (UVJ) 
obstruction or megaureter 


Obstructive (or primary) megaureter is the consequence of 
an abnormal peristalsis of the distal ureter leading to ureteral 
dilatation with or without pelvicalyceal dilatation (Figure 
11.4).2! The diagnosis may be suggested by prenatal 


94 Functional Imaging of Nephro-Urology 


Figure 11.3 Postnatal examination in a baby boy who had 
had prenatal diagnosis of a moderate right hydronephrosis. 
Oblique film taken during a voiding cystourethrography 
showing right reflux into the lower pole of a duplicated kidney. 
Note the abnormal axis of the refluxing cavities. 


ultrasound. A fibromuscular disorder with a relative increase 
in collagen fibres and reduction in muscular component is 
usually found on histopathological examination of the 
obstructive segment.?' UVJ obstruction is sometimes associ- 
ated with VUR. Secondary megaureter may be caused by 
VUR, ureteral valve, retrocaval ureter, ureteral stenosis, 
ureteral diverticulum, ureterocele or polyp.” 

The natural history of UV) obstruction is more conven- 
tional than that of UPJ obstruction: a progressive improve- 
ment occurs in the majority of cases and spontaneous healing 
is finally obtained. Surgery is considered in cases of severe 
obstruction, pain, or breakthrough infection. This natural 
history explains why primary megaureter is so rare in adults 
in contrast to UPJ obstruction, which remains quite 
common. 


Duplicated ureter 


The cause of hydronephrosis varies whether dilatation 
involves the upper or the lower pole ureter. Ectopic uretero- 


Figure 11.4 Single-shot fast spin echo T2-weighted image 
performed in a baby with left megaureter (prenatal diagnosis 
of ureterohydronephrosis). This picture was obtained after a 
less than 10 seconds sequence with no injection of contrast 
medium. 


cele is common in that context: it obstructs the lower 
extremity of the upper pole ureter. Prenatal diagnosis was 
shown to impact treatment since valuable function of the 
upper pole is frequently present at birth prior to any episode 
of infection.”* Endoscopic incision found new supporters with 
the advent of prenatal diagnosis. This treatment is relevant 
when the upper pole presents significant residual function. A 
rare complication of ectopic ureterocele is urethral prolapse, 
which induces acute infravesical obstruction and requires 
rgent treatment. The main differential diagnosis of ectopic 
ureterocele is orthotopic ureterocele, which is frequently 
bilateral (Figure | 1.5). Orthotopic ureterocele is not associ- 
ated with a duplicated ureter and usually proves less obstruc- 
tive than ectopic ureterocele. It is a relatively common cause 
of ureterohydronephrosis. US can easily demonstrate the 
thin-walled ureterocele within the bladder and make the 
differential diagnosis with megaureter. 
Ectopic ureter is a variant of ectopic ureterocele. 
Obstruction and dilatation of the upper pole ureter are 
present. There is parallelism between the degree of ectopia 
and the severity of the upper pole dysplasia. 

Vesico-ureteric reflux is frequently associated with lower 
moiety dilatation (Figure | |.3). 

UP] obstruction is a possible association that affects the 
lower pole more commonly than the upper pole.””° The 
excellent results of prenatal diagnosis in the context of dupli- 
cated ureters have to be mentioned.” 
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Figure 11.5 Prenatal diagnosis of bilateral uretero- 
hydronephrosis. Postnatally, ultrasound (A) showed a bilateral 
tiny ureterocele. No evidence of duplicated ureter. IVU (B) 
confirmed the diagnosis of bilateral orthotopic ureterocele, 
and showed functioning nonduplicated kidneys. 


Posterior urethral valves (PUV) 


Posterior urethral valves consist of abnormal mucosal folds 
between the urethral wall and the distal end of the veru 
montanum (Figure 11.6). Urethral obstruction is associated 
with bilateral ureterohydronephrosis and an enlarged thick- 
ened bladder in the most severe cases. There are various 
degrees of obstruction, hence various clinical presentations and 
renal or vesical consequences.”*”’ Antenatal ultrasound detec- 
tion is the most common diagnostic modality. Radiographs aim 
to visualize urethral anatomy and to eliminate VUR. 


Multicystic dysplastic kidney (MCDK) 


Early obstruction of the embryonic urinary tract can lead to a 
multicystic dysplastic growth of the kidney, while later in 
pregnancy the same obstruction can induce hydronephrosis 
with corticomedullary dysplasia. Bilateral cases are fatal in 
utero, whereas unilateral cases present an excellent progno- 
sis. This abnormality is not well known by physicians who 
treat adults as the multicystic kidney rapidly involutes and 
vanishes in most cases (Figure | 1.7). In older children and 
adults, the lumbar fossa is found empty, and renal agenesis 
can be misdiagnosed. 
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Figure 11.6 VCUG in a baby boy with prenatal diagnosis of 
posterior urethral valves. Diagnosis has been confirmed by 
VCUG (suprapubic puncture). Note the patent urachus and 
vesicoureteric reflux. 
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Figure 11.7 Renal ultrasound in a baby with multicystic 
kidney. Involution has begun: the kidney is extremely thin and 
mainly constituted of noncommunicating cysts. 


Antenatal ultrasound examination can make the diagnosis 
of MCDK, evaluate the contralateral kidney, and rule out 
most of the possibly associated anomalies.*°?! 


Postnatal investigations and 
management 


Ultrasound 


Ultrasound remains the cornerstone examination in the 
evaluation of infants and children with hydronephrosis. US 
has revolutionized diagnostic imaging of the urinary tract due 
to its constant developments, technical refinements and 
innovative applications.” Valuable information can be 
obtained in the absence of ionizing radiation, bladder catheter 
or intravenous injection of iodinated contrast medium. In the 
context of hydronephrosis, US examination should not be 
limited to an assessment of renal pelvis AP and ureteric 
diameters. A normal ultrasound examination includes the 
following elements: absence of thickened or fluctuating pelvis 
or ureter, nonvisible calyces, well-differentiated parenchyma, 
nonhyperechoic cortex, absence of cysts. Consecutive and 
comparative measurements of dilated segments, assessment 
of renal growth,** and assessment of the thickness and 
echogenicity of the renal parenchyma are all essential for 
management. 

Grey-scale ultrasound cannot provide diagnostic criteria of 
obstruction. However, two exceptions deserve to be 
mentioned: spontaneous perirenal urinoma was described 
pre- and postnatally as a mechanical consequence of 
increased intrarenal pressure, and calyceal dilatation was 
shown to be frequently associated with obstruction. 


We would like to stress the importance of the postnatal 
ultrasound examination of newborns with prenatally detected 
hydronephrosis. High-quality management of children 
requires a high-quality US examination, which should prefer- 
ably be performed by an experienced paediatric radiologist 
operating updated equipment with high frequency trans- 
ducers. The timing of postnatal evaluation should be adapted 
to clinical status and prenatal findings. Postnatal US should be 
performed soon after birth in those rare infants with severe 
obstruction of the lower tract, which may be due to posterior 
urethral valves or ureterocele prolapse.° Day 4 of life is 
commonly chosen to perform the first postnatal US examina- 
tion as the hydration status of the baby has normalized. 
Otherwise, it is convenient to examine the baby while still an 
inpatient with his/her mother at the maternity hospital. In 
patients with severe hydronephrosis, postnatal US can be 
coupled with voiding cystourethrography (VCUG). There is 
ongoing debate about the best strategy to apply in infants 
with antenatal mild to moderate pyelectasis. Ismaili et al.°°°” 
demonstrated prospectively that US was an excellent screen- 
ing tool (96% sensitivity and 97% negative predictive value) 
to predict significant nephrouropathies. These authors 
recommended performing two successive US scans (at day 4 
and week 6 of life) and to stop investigations if both were 
normal. Longitudinal follow-up of children in the same institu- 
tion with the same equipment by the same radiologist, 
guarantees optimal comparisons. Wide availability of prior 
examinations (showing measurements and scan planes in 
children as well as prenatal studies) is another factor for a 
high-quality follow-up; PACS (Picture Archiving Com- 
puterized System) proves useful in that domain. 

Duplex Doppler was once thought to be an interesting 
diagnostic adjunct for obstruction. The hypothesis was that an 
increased resistive index (RI) in cortical and arcuate rena 
arteries would indicate obstruction. 

Kesslet*® and Lim?” stated that resistive index could be a 
valid parameter for evaluation and follow-up of unilateral 
obstructive or nonobstructive hydronephrosis in children. 
Resistive indices were eventually used before and after 
administration of furosemide“? as well as for renal functiona 
evaluation. 

In the context of congenital obstruction, those promising 
results were not confirmed, and Duplex Doppler only 
proved useful in school-age children with acute obstruction 
(e.g. with renal colic). Several reasons can explain the limited 
role of Duplex Doppler in obstruction: (1) the normal resis- 
tive index is physiologically higher in neonates than in older 
children; (2) co-operation (apnoea) of the patient is the key 
point of reliable measurement; (3) resistive index is 
unchanged in chronic obstruction, 

Colour Doppler identification of a lower pole crossing 
vessel could be an interesting adjunct in children with UP] 
obstruction,'® and guide the treatment (open surgery vs 
retrograde interventional procedure). However, the 
technique should be applied with caution to avoid the risk of 
false-positive examinations. 
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Voiding cystourethrography (VCUG) 


In a child with hydronephrosis, reflux should be eliminated 
prior to proceeding to any obstruction-focused examination. 
VCUG remains the gold standard imaging technique that 
permits the accurate diagnosis of VUR. The cyclic method 
should be employed to increase the sensitivity of the 
examination.*'** Sonocystography was recently described; 
it does not deliver radiation, but it is a time-consuming and 
expensive technique that does not show the male urethra. It 
could be an elegant means to follow-up a child with a known 
reflux.“ In this context, voiding urosonography could 
compete with radionuclide VCUG.** 


Intravenous urography (IVU) 


IVU is no longer justified in children with hydronephrosis and 
suspected obstruction. It delivers radiation, requires iodine 
contrast medium, and can be very time consuming. 
Moreover, it brings only a qualitative evaluation of renal 
function and obstruction. 
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Figure 11.8 (A) Pressure—flow studies performed in a girl with left UPJ obstruction. Double puncture of the left renal pelvis had 
been performed under general anaesthesia. The excretory system was very dilated. (B) Constant flow perfusion of the upper 
urinary tract induced increase in renal (P1) and differential (P1-P2) pressures while bladder pressure did not change (P2). This test 
is no longer performed in our institution because it was deemed too invasive. 
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Pressure flow studies 


These represent the genuine gold standard examination for 
obstruction. Since they were deemed invasive, these studies 
have progressively been abandoned by most groups. The 
principle was as follows: the child was placed in prone position 
under general anaesthesia in a radiology room, a catheter linked 
to a manometer was inserted into the bladder and two needles 
were guided percutaneously into the pelvic cavity (Figure 
| 1.8A). One needle was used for constant flow infusion of 
contrast medium; the other one was used to record the pelvic 
pressure. A growing (supraphysiological, range 1—10 cc/s) flow 
was applied to the kidney and three pressure curves were 
simultaneously recorded: pelvis, bladder and differential (pelvic 
minus vesical) (Figure | |.8B). Obstruction was diagnosed when 
differential pressure rose above |5 cm of water. This test, first 
described by Whitaker,“ remains interesting in identifying 
volume-dependent UPJ obstruction, vesical obstruction and 
obstruction in poorly functioning kidneys. Even though we had 
quite a good experience of these pressure—flow studies in our 
institution, we have progressively replaced them with the less- 
invasive dynamic studies (isotopes and MRI). 


MR urography 


Magnetic resonance is a newly described technique in the 
context of paediatric hydronephrosis.” The capabilities of 
MRI to illustrate the malformed urinary tract were extensively 
demonstrated (Figure | 1.9). The anatomical study provided 
by MR is especially useful in neonates in whom intravenous 
urography is difficult due to the renal function immaturity. As 
compared with ultrasound, MR provides coronal images of 
the urinary tract (IVWV-like view), which are usually very 
appreciated by surgeons. Single-shot fast spin echo (or turbo 
spin echo) sequences can show the dilated segments in 
multiple planes with no injection of contrast medium. MRI 
can also study the dilated excretory tract of a severely 
impaired kidney (or pole). Absence of any ionizing radiation is 
a significant advantage in this age range. 

Moreover, the analysis of time—intensity curves generated 
from regions of interest drawn on sequential enhanced T|- 
weighted images was shown to approach the split renal 
function and excretory pattern.*®°* Adequate sequences are 
fast field echo or fast spin echo ones with as short as possible 
TR and TE and a close to 90° flip angle. After administration 
of a low dose of gadolinium, the time-—intensity curve 
comprises several successive segments (Figure | 1.10). The 
first event is the vascular peak. Then, the curve reaches a 
baseline level, named ‘p-level’ (from peak trough). 
Thereafter, a gentle slope goes up to the glomerular peak (by 
4 minutes after injection). Lastly, the curve goes down again 
as the contrast medium is excreted. A limitation of MR as 
compared with isotopic studies is the nonlinearity of the 
relation between the concentration of contrast medium and 


Figure 11.9 Right UPJ obstruction shown by MR 
(nonenhanced SSFSE sequence). 


the signal due to a possible T2 effect. This is the rationale for 
using a low dose of gadolinium chelate and as many Tl- 
weighted sequences as possible. 

Calculation of the differential renal function is based on the 
right-to-left ratio of two parameters drawn from the enhanc- 
ing parenchyma. 
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Figure 11.10 Typical time-intensity curve after injection of 


gadolinium. The region of interest was placed over the 
parenchyma. 
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e The area under the second segment of the slope, which 
represents the parenchymal transfer of contrast 
medium. This curve continues to ascend while more 
contrast material is extracted from the blood into the 
kidney than is excreted by the the kidney into the collect- 
ing system. 

e The L/R ratio of functioning kidney volume (Figure 
I 1.11). 


Urinary excretion is assessed from the course of the excre- 
tory curve of the whole-kidney renogram as well as from the 
visually determined contrast material or tracer washout 
(Figure | 1.12). 

MRI is extremely promising in that field, but it still requires 
technical consensus and extensive evaluation prior to 
competing with the gold standard isotopic studies. 


Figure 11.11 Automatic segmentation of the renal volume 
on MR images (T1-weighted images with fat suppression after 
gadolinium enhancement). 


moy.gris Figure 11.12 

273.5- Normal excretory 
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Conclusion 


Pre- and postnatal ultrasound remains the cornerstone of the 


evaluation of fetuses and infants with hydronephros 
third trimester prenatal examination helps in selecti 
newborns requiring postnatal studies with an optimal 
ule. Postnatal ultrasound is usually performed by day 


should be repeated in many instances by 6 weeks of 


is. The 
ng the 
sched- 
4, and 
life. In 


children with prenatal diagnosis of hydronephrosis, two 


successive normal US examinations were shown to predict a 


low risk of significant nephrouropathy. VCUG should be 
performed to eliminate VUR in all infants with severe 
hydronephrosis as reflux may be associated with obstruction 
or cause the dilatation. Anatomical evaluation of obstructive 
uropathies should no longer be based on IVU. MR can 
provide the same information with no radiation and no 
contrast medium. In the near future, gadolinium-enhanced 
MRI could also compete with isotopic studies to evaluate the 
excretory pattern and the split renal function. An ‘all in one’ 
examination of children with hydronephrosis could hence be 
carried out. 
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Introduction 


Characteristically, urinary tract obstruction is associated with 
progressive hydronephrosis, parenchymal atrophy and 
impairment of renal functions. Hydronephrosis is common in 
paediatric urology, occurring in as many as |.4% of fetuse 
and it may persist after birth.! However, hydronephrosis 
not equivalent with obstruction and in the asymptomati 
infant who has been diagnosed prenatally with hydronephro- 
sis dilatation only persists in approximately 25% of the cases, 
consistent with a high degree of spontaneous resolution. This 
observation has therefore created a clinical enigma since a 
dilatation without progression and complications is clinically 
unimportant, whereas in an unpredictable minority of the 
dilatations it is important to detect obstruction to prevent 
renal function deterioration. At present there are no golden 
standard methods which in a satisfactory manner can estab- 
lish or rule out whether a dilated kidney is obstructed. 
Moreover, there is no consensus on when a dilated kidney 
should be operated on and uniform criteria for when inter- 
vention is required are still lacking. 

Postnatal management of children with unilateral 
hydronephrosis detected prenatally has remained a contro- 
versial topic for the past 10-15 years. During this period 
there has been a gradual paradigm shift away from early 
surgical intervention since preliminary reports indicated that 
hydronephrosis was not always associated with obstruction 
and could spontaneously improve or resolve with time. A 
major reason for this change in attitude is the result of an 
increasing academic interest in this condition where physi- 
cians have addressed a number of critical scientific questions 
based on clinical observations. An important contribution to 
this was based on studies observing that renal function did not 
deteriorate in infants and children with unilateral neonatal 
hydronephrosis suggesting that the urinary tract was not 
obstructed to a degree associated with progressive renal 
function impairment. It appeared that unilateral neonatal 
hydronephrosis could be a relatively benign condition and the 
risk of developing renal obstruction appeared relatively slight.’ 
Because of diagnostic inaccuracy, the low risk of developing 
obstructive injury and the fact that many newborn kidneys 
with hydronephrosis rapidly improved function and dilation, it 
appeared safe to follow neonatal unilateral hydronephrosis 
closely and nonoperatively. 


wn 


On 


Consequently, identification of prenatal urinary tract dilata- 
tion by ultrasound (US) has challenged paediatric nephrolo- 
gists, paediatric urologists, as well as radiologists and nuclear 
medicine physicians to find proper strategies to classify the 
infants who have a kidney that needs follow-up and/or 
surgery. The strategies for follow-up and treatment rely 
heavily on careful characterization of kidney function. The 
role of nuclear medicine and the techniques developed 
within this area during the past 15-20 years have provided 
key understanding of renal function development in infants 
with congenital unilateral hydronephrosis. Thus, one of the 
most important examinations to follow a hydronephrotic 
kidney is diuretic renography which is routinely performed to 
evaluate renal function and drainage of the kidney and ideally 
the purpose of diuresis renography is to establish or rule out 
whether a hydronephrotic kidney is obstructed or non- 
obstructed, 

The purpose of this contribution is to present the value of 
state-of-the-art renography as an important tool for diagnos- 
ing renal function changes in cases with congenital unilateral 
dilatation of the renal pelvis. The decision-making process for 
those instances of urinary tract dilatation that require surgical 
correction and those that do not is based in part on the 
findings of diuresis renography. Thus, the development of 
renography during the past decade will be discussed and the 
role of renography in relation to short-term and long-term 
validation of renal function outcome after surgical and non- 
surgical treatment of prenatally detected hydronephrosis will 
also be discussed. 


Use of renography in infants 
and children with unilateral 
hydronephrosis 


Gamma camera renography incorporates dynamic reno- 
scintigraphy as a noninvasive method in both children and 
adults for evaluating hydronephrosis by the quantification of 
differential renal function (DRF) and drainage. However, 
children and infants are not small adults, and the recognition 
that specific precautions are required when examining renal 
function with the use of radionuclides in these individuals has 
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generated several attempts to provide guidelines for renogra- 
phy with regard to both performance and interpretation. 
Diuretic renography was originally introduced based on the 
assumption that the radiopharmaceutical retained in a nonob- 
structed dilated system will be washed out when urine output 
is high, whereas the radiopharmaceutical will be retained in 
the renal pelvis if obstruction is present.’ Despite the identifi- 
cation of an increasing number of perinatal cases with 
hydronephrosis recognized by the frequently routine use of 
prenatal ultrasonography the performance of renography 
differed among nuclear medicine practitioners and the surgical 
findings are occasionally discrepant from the diuretic renogram 
interpretation.’ Thus, the need to develop by consensus a 
more uniform methodology was recognized for the first time 
in the early 1990s by the American Society of Fetal Urology 
and the Pediatric Nuclear Medicine Council of the Society of 
Nuclear Medicine, and a comprehensive standard method 
for diuretic renography entitled ‘The well tempered diuretic 
renogram’ was generated as guidelines for the following items: 
patient preparation (hydration and bladder catheterization), 
diuresis renography technique (radiopharmaceutical used, 
patient position during examination, data acquisition parame- 
ters, diuretic pharmaceutical and dosage, time of injection and 
regions of interest to monitor diuretic effect), and data analysis 
(percent differential renal function, curve pattern analysis and 
methods of measuring the diuretic response). Pooled diuresis 
renogram data were collected for analysis of the correlation 

e 

c 
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with surgical results and clinical outcomes to determine th 
most appropriate information to be derived from the diureti 
renogram in neonates with unilateral hydronephrosis 
Subsequently, another report was presented as a standard- 
ized approach to diuresis renography also for the paediatric 
population by the consensus committee of the Radionuclides 
in Nephrourology in order to improve reproducibility 
between centres, discourage unacceptable practice and 
stimulate further discussion between nuclear medicine and 
urology health care professionals who treat patients with 
dilated and obstructed upper urinary tracts. The remaining 
great variation in techniques and interpretation of diuresis 
renography between different studies led to generation of 
another set of guidelines for standard and diuretic renography 
in children by The Pediatric Committee of the European 
Association of Nuclear Medicine with regard to: hydration, 
bladder status and effect of gravity, assessment of drainage, 
interpretation of drainage, selection of radiopharmaceutical, 
indications/contraindications and detailed recommendations 
regarding acquisition.’ The overall aims with these guidelines 
have been to reduce variation and provide a common 
platform for the use of diuretic renography in infants and 
children with unilateral hydronephrosis. Moreover, the recog- 
nition that a child requires much longer examination time as an 
adult for the same examination dictates an appropriate 
appointment system to ensure that the staff has sufficient time 
to devote to the child and parent.® 

The principle of renography is based on the intravenous 
injection of a radiopharmaceutical that is accumulated and 
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Figure 12.1 The principle of renography is based on the 
intravenous injection of a radiopharmaceutical that is 
accumulated and excreted by the kidneys, and which can 
be detected externally by a gamma camera providing a 
dynamic examination of the kidneys. A-D: Dynamic 
accumulation of MAG3 in the kidneys during different time 
frames of the study. A: Rapid accumulation in both kidneys is 
seen during the first minute. B: This is followed by a 
consolidated accumulation during the 1-3 min after injection. 
C: From 3-10 min there is visible drainage of urine (MAG3) 
passing via the ureters to the bladder. D: From 10-20 min 
accumulation of urine increases in the bladder in parallel with 
a reduction in renal activity. E: Dynamic curves of the change 
in activity within each kidney defined by the region of interest 
placed over each kidney. 


excreted by the kidneys, and which can be detected exter- 
nally by a gamma camera providing a dynamic examination of 
the kidneys. In practice two suitable radiopharmaceuticals are 


available for this purpose: 7”Tc-diethylenetriaminepenta- 
acetic acid (°"Tc-DTPA) which is handled by glomerular 
filtration and ”’"Tc-mercaptoacetyltriglycine (°""Tc-MAG3) 
relying on tubular extraction.” ”"Tc-MAG3 has the highest 
renal extraction fraction and target-to-background ratio and 
therefore provides the best image quality in children.'°'' In 
addition, the usefulness of ”"Tc-ethylenedicysteine (°™Tc- 
EC) as a tubular agent with an even higher renal extraction 
has been documented. '* The restricted commercial availabil- 
ity limits the use of this agent. 

In infants and children renography is usually performed 
with the patient supine. After an intravenenous injection there 
is rapid renal accumulation of the radiopharmaceutical (Figure 
12.1A). The renal handling of the radiopharmaceutical can 
be followed in a dynamic sequence and images can be 
constructed representing the renal activity at any given time. 
By defining regions of interest (ROI) around the kidneys 
(Figure |2. 1D) a renogram can be constructed based on the 
time—activity curves of radioactive decay within the defined 
areas (Figure |2.1E). Thereby the arrival, transit and excre- 
tion of radioactive tracer from the kidneys can be monitored 
in a dynamic sequence allowing estimation of relative uptake 
as differential renal function (DRF) and excretion (drainage). 
DRF expressing the percentage of the sum of left and right 
kidney function can be calculated using two well-accepted 
algorithms, i.e. the integral method and the Patlak—Rutland 
method, the latter adjusting for intravascular background 
activity as well.”'? 

The renogram curve can be divided into three phases 
(Figure |2.2).'* During the first few seconds after injection, 
the curve rises rapidly reflecting the speed of injection and the 
vascular supply to the kidney (vascular phase). The second 
phase lasting 2-3 minutes after injection represents tracer 
accumulation within a kidney but no excretion is initiated 
(parenchymal phase). The increase in renal activity during this 
period represents the DRF. The third phase is initiated when 
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Figure 12.2 Theoretical renogram consisting of three 
different phases. Phase 1 (vascular phase); phase 2 
(parenchymal phase) and phase 3 (drainage phase). 
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the tracer starts to leave the kidney, which is after 2—5 
minutes in the normal kidney (drainage phase). Importantly, 
the peak of the renogram curve (T mag) does not represent the 
moment when the tracer starts to leave the kidney, but 
merely the equilibrium between uptake and excretion. 

Drainage reflects excretion, or disappearance, of the 
radiopharmaceutical from the kidney. Assessment of drainage 
can be done qualitatively and quantitatively. By simply 
inspecting the renogram curve a qualitative evaluation is done 
regarding the following characteristics: an early peak followed 
by a rapidly descending phase is typical for normal excretion. 
An important delay in excretion is characterized by a contin- 
uously ascending curve. Several techniques have been 
proposed for quantitating the transit of tracer through the 
idney. These range from simple descriptive parameters, 
such as the time to reach the maximum of the renogram 
curve or mathematical quantification by some recently devel- 
oped methods (pelvic excretion efficiency (PEE), output 
efficiency (OE) and normalized residual activity (NORA)).!°"'® 
When dilatation of the collecting system exists, the standard 
renogram is generally characterized by a continuously rising 
curve, reflecting poor drainage of the kidney. In this condi- 
tion, furosemide should be administered which increases 
urinary flow and may distinguish between good, intermediate 
and poor drainage. Assuming that the tracer retained in the 
dilated nonobstructed system will be washed out when urine 
production is high, whereas it will be retained despite increas- 
ing diuresis in cases of obstruction. Several protocols exist 
giving the diuretic before (F—15), simultaneous with (FO) or 
after the radiotracer (F +20) and there is no current evidence 
that one method is superior to the others.’ Importantly, it has 
recently been demonstrated that the quality of drainage 
obtained during the F+20 and FO procedures can easily be 
compared using both OE and NORA. ” A very similar quality 
of drainage was reached for both procedures when consid- 
ering only the postmicturition image (PMI) (for detailed 
description of the PMI see below). Thus, it remains manda- 
tory to obtain a PMI irrespective of the timing of the 
furosemide injection and despite the use of tracers with a high 
extraction rate 


Pitfalls in the interpretation of 
renography 


Since diuretic renography is an important and frequently 
used investigation in guiding the treatment and follow-up of 
children with congenital hydronephrosis it is also important to 
know the pitfalls.” Valuable and reproducible information on 
DRF and drainage can be obtained provided the investigation 
is performed in a standardized manner. It is mandatory that 
DRF is calculated before the tracer excretion is initiated, i.e. 
within the first 2 minutes of the renogram. Choosing any 
other timeframe will underestimate the DRF of the non- 
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dilated contralateral kidney and thereby overestimate DRF of 
a hydronephrotic kidney. If furosemide is given early (F-15 or 
FQ) the intrarenal transit of the tracer may be accelerated and 
thereby excretion to the pelvis in which case the timeframe 
for DRF calculation should be adjusted.”' 

When calculating DRF, activity in the extrarenal tissue 
(background activity) included in the renal ROI must be 
subtracted, and the accuracy of the DRF estimate depends 
on the method of background subtraction (Figure 12.3). 
Subtracting activity in an area surrounding the kidney outline 


Figure 12.3 The 
accuracy of the DRF 
estimate depends on 
the method of 
background 
subtraction. As can be 
seen from this figure 
placement and size of 
the background area 
has a significant 
impact on DRF. 
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size normalized to the renal ROI is probably the most 
adequate method (Figure 12.3A, B).'? Large hydronephrotic 
kidneys may not allow space for this approach in which case 
a background area above and below the kidney is recom- 
mended’ and as demonstrated in Figure 12.3, location and 
size of the background area has significant impact on the DRF 
(Figure |2.3A-F). 

A DRF between 45-55% is considered to be within 
the normal range.”'? There is no definition of a ‘significant’ 
reduction or increase in DRF. Although the methodological 


variation is likely less than 3% provided good signal-to-noise 
ratio” the physiological variation may be higher, especially 
in the infant. Thus, the estimation of DRF will depend on 
good tracer extraction which improves with succeeding 
renal maturation. As DRF measures relative function 
hydronephrotic kidney changes may reflect changes in 
function of the opposite kidney, either due to contralateral 
compensatory functional increase or bilateral renal disease. 

There are also a number of potential pitfalls with regard to 
interpretation of the renogram. Classically, drainage is 
described using the T'/, time defined as the time for half of 
the accumulated tracer to leave the pelvis, reflecting only the 
rate of change of activity in the dilated pelvis.“* When the T'/, 
time is short, impaired drainage is excluded. Prolonged T'/, 
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Figure 12.4 A: Control ultrasonography of a left kidney in a 
17-month-old child with left prenatally diagnosed 
hydronephrosis demonstrating persistent severe dilatation of 
the left renal pelvis. B: Images, and C: diuretic renography 
curves (including a PMI) of an FO MAG3 study at 18 months of 
age. The left kidney DRF is 56%. The images show micturition 
during the 0-20-min study and between the 20-min image 
and the posimicturition and posterect image (PMI) which was 
obtained 45 min after MAG3 administration. 
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time, however, is not synonymous with obstruction to urine 
outflow and several variables will influence the shape of the 
renogram curve, including the timing of diuretic administra- 
tion.” A diagnosis of obstruction should therefore not be 
made simply on the basis of compromised drainage on the 
renogram curve. 

Poor hydration will lead to tracer stasis in the pelvis 
because of inadequate urine production and decreased 
furosemide response.” Consequently, it is crucial that the 
child is well-hydrated and fluid intake prior to the investigation 
is therefore recommended.””° Poor pelvic emptying may be 
apparent because of a full bladder and because gravity is 
having no effect in the supine position.'°?”*° By evaluating 
pelvic activity after bladder emptying and maintaining the 
patient temporarily erect before terminating the investigation 
to allow a normal gravitational effect, i.e. obtaining a so-called 
PMI (Figure 12.4), drainage from a nonobstructed dilated 
pelvis may be evaluated and improved compared to the 
interpretation based on the investigation without including 
the PMI in the evaluation. '” 

Poor renal function may affect the descending part of the 
renogram and cause insufficient or slow pelvic filling. 
Therefore renal function should be integrated in the interpre- 
tation of drainage and simple methods which are less influ- 
enced by renal function, such as PEE, OE and NORA have 
recently been developed. !™!? The size of the pelvis may also 
influence the shape of the renogram curve (Figure |2.5).”” 
Accumulation of tracer is likely in the more severely dilated 
pelvis due to ‘reservoir effect’. In general, the larger the pelvis 
the more dilution of tracer is expected and the more cautious 
the interpretation of prolonged drainage should be. 
Therefore it is important to take into consideration that 
drainage is dependent on both flow rate (urine production) 
and volume of the renal pelvis as indicated (Figure |2.5C). 

Overall tt is recommended that in asymptomatic children 
with unilateral ureteropelvic junction dilatation drainage 
should not be assessed using half-time. Instead, techniques 
considering renal function, gravity and an empty bladder are 
recommended, such as renal OE, PEE or NORA. 


Defining obstruction 


Obstruction and hydronephrosis are closely associated, 
although obstruction is not easily defined physiologically. It is 
obvious that hydronephrosis is a descriptive clinical term 
defined as distension of the pelvis and calices of the kidney 
with accompanying atrophy of the renal parenchyma (Figure 
|2.6). Consequently, diagnosing hydronephrosis is not diffi- 
cult. In contrast, obstruction is poorly defined and difficult to 
diagnose, Recognizing that obstruction inevitably will impair 
renal function, the best considered is the retrospective 
unequivocal definition proposed by Koff as any restriction to 
urine flow, that left untreated, will cause progressive renal 
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Figure 12.5 The size of the pelvis may 
influence the shape of the renogram 
curve. Accumulation of tracer is likely in 
the more severely dilated pelvis due to 
‘reservoir effect’. In general the larger the 
pelvis the more dilution of tracer is 
expected and the more cautious the 
interpretation of prolonged drainage 
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> should be. The plateau curve in C does 
not represent ‘a true’ obstruction, but an 
equilibrium. It is important to take into 
i consideration that drainage is dependent 
on both urinary flow rate and pelvis 
volume. 


Activity 


deterioration.*° Indeed, this definition unmasks the insufficient 
knowledge of the natural history of an obstruction in terms of 
kidney function. Understanding the natural history requires 
a conservative attitude towards these patients. The need 
for this was recognized more than 20 years ago, when 
Samuelson and colleagues in an elegant study, examined 


Obstruction 
M 


Renal function 


Normal Reversible Irreversible 


Nephropathy 


Figure 12.6 The relative time course for renal function during 
obstruction. Obstruction will be followed by a reversible phase 
referred to as ‘obstructive uropathy’. If correction is performed 
at this stage of obstruction impairment of kidney function may 
be minimal or prevented. However, if obstruction persists, 
impairment of renal function is irreversible with the onset of 
obstructive nephropathy and correction will not restore renal 
function, with the potential risk of further deterioration. 


Time 


renal function in children with unilateral hydronephrosis in 
response to surgical or nonsurgical treatment and found that 
GFR remained normal at follow-up despite treatment 
regimen.*! The study indicated that the parenchymal function 
in unilateral idiopathic hydronephrosis in children more than 
| year old usually is normal, but may deteriorate due to 
urinary tract infection. Consistent with this, additional studies 
consisting of more patients were performed supporting the 
observation that renal function does not deteriorate in the 
majority of cases with unilateral congenital hydronephro- 
sis??? Thus many cases with dilatation may be due to a 
so-called balanced obstruction/hydronephrosis where renal 
function does not deteriorate. However, it is yet unclear, to 
what extent obstruction depletes the renal functional 
potential of a hydronephrotic kidney, which is especially 
relevant for the neonatal hydronephrotic kidney (Figure | 2.6). 
Therefore, an extended version of the definition of obstruc- 
tion proposed by Koff has been forwarded as ‘A condition of 


Severe obstruction Agenesis/dysplasia 


Defective 
nephrogenesis 
Lower degrees ~” X Varying degrees 
of obstruction of hydronephrosis 


Figure 12.7 Unilateral dilation of the renal pelvis in the 
neonate may be caused by prenatal obstruction of different 
severities. Consequently, this may impair nephrogenesis with 
the development of different degrees of hydronephrosis or in 
the most severe cases in dysplastic kidneys. 


Table 12.1 
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Summary of the results of key publications based on patients with unilateral dilatation of the urinary 


tract from the past 10 years with regard to the number of operated patients and criteria for surgical intervention 


Study population % operated % operated Criteria for surgical 
(no. cases) at study after intervention 
entry observation 
Cartwright et al 72 (90% prenatal) 43 15 DRF <35% or decreasing, symptoms, not specified 
Freedman et al 160 with delayed 12.5 3.5 DRF <40% 
drainage curve 
Cornford et al 316 with delayed 8 7 DRF <40% or decreasing, increasing HN, symptoms 
drainage curve 
Dhillon et al 148* 26 22 DRF <40%, symptoms, social reasons 
Takla et al 51 prenatal 12 37 DRF <35% or decreasing, delayed drainage 
Subramaniam et al 100 prenatal 5] 26 DRF <40% or decreasing, symptoms 
Ulman et al 104 prenatal SFU%? none 22 decreasing DRF, increasing HN 
grade 3-4 HN 
Thorup et al 100 prenatal 34 23 DRF <40% or decreasing, symptoms 


*Including unilateral (77), bilateral (66 kidneys) or solitary hydronephrotic kidneys. 


HN: hydronephrosis. 


impaired urinary drainage that if uncorrected will limit the 
ultimate functional potential of a developing kidney’ .** This 
may particularly be true in cases with neonatal obstruction of 
the kidney where a prenatal obstruction may have impaired 
nephrogenesis resulting in varying degrees of hydronephrosis 
and in the most severe cases in renal dysplasia (Figure | 2.7). 


The impact of renography in 
Clinical decision making 


Prenatal hydronephrosis is found in approximately 0.25% of 
pregnancies.” At present the natural history of congenital 
hydronephrosis is still incompletely understood. It may there- 
fore be important to distinguish the degree of hydronephro- 
sis when evaluated since spontaneous resolution takes place 
in approximately 50% of the cases with mild hydronephrosi 
whereas spontaneous resolution is seen only in 15% o 
patients with moderate hydronephrosis and in none wit 
severe hydronephrosis.” Consequently, no intervention 

required in the majority of cases, but functional evaluation | 
necessary in a relatively large number of children dependin 
on the study population, criteria for intervention, follow-u 
regimen, selection bias and differences in referred cases to 
the respective departments. In a recent review of the litera- 
ture?” it was established that 0-51% of the cases were 
operated at study entry or after the first evaluation, consistent 
with an enormous variation of selection criteria (Table |2.1). 
Approximately 25% were operated after a period of obser- 
vation using symptoms, decreasing or persistence of low 
DRF, deteriorating drainage pattern or increasing dilatation as 
indications for surgery, supporting the view that there is no 
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consistency in the criteria for treatment. Commonly, a 
decreased DRF at initial assessment is often used as a sign of 
obstruction and thereby an indication for surgery. This indica- 
tion has been questioned in a study where all hydronephrotic 
kidneys were subjected to nonoperative follow-up despite 
the initial level of DRF.” This study demonstrated that 27 
neonates (38%) of the 71 with long-term follow-up had an 
initial DRF <40% and |5 of these required surgery due to 
decreasing DRF and/or increasing hydronephrosis. Thus, 
only alittle more than half of the cases with initial DRF <40% 
were ‘truly’ obstructed in this study. Overall 22% of 104 
children underwent surgery because of decreasing DRF 
and/or increasing hydronephrosis. An important finding was 
that the number of infants requiring surgery was higher in the 
group with initial reduced function suggesting a susceptible 
group who require closer follow-up. 

The primary goal of surgical intervention is to maintain or 
improve renal function, but this is not always achieved. As 
demonstrated in Table |2. | where renal function is related to 
indications for surgery it is evident that it is difficult to compare 
the individual studies. The overall impression is that improve- 
ment does not occur when surgery is done because of initial 
decreased DRF. The retrospective study by Calisti et al’? is 
the only exception. The findings of this particular study were 
that reversible renal damage seems to be associated with 
extrinsic obstructions from polar vessels, which are predom- 
inant among symptomatic, later detected cases, whereas a 
congenital, irreversible loss of function accompanies intrinsic 
obstructions, typical of prenatally diagnosed cases. Kidneys 
with very low DRF may maintain or improve function on 
conservative observation indicating that surgery may be 
unnecessary in some kidneys with initial decreased function 
and that the first MAG3 diuretic renogram cannot predict 
renal function.*® A hydronephrotic kidney with a DRF below 
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40% may have developed like this in utero and no surgical 
intervention can be expected to produce a ‘normal’ kidney. 
With regard to whether improvement of renal function is 
related to age at surgery, it remains unclear if the chance of 
postoperative functional restitution is greater in the younger 
age compared to later intervention. Important information 
about the time interval between functional deterioration and 
surgical intervention is missing in these studies which may 
be more important than age at surgery for the functional 
outcome,” > !72728.37 

lt has been hypothesized that kidneys with an initial low 
function have a higher risk of deteriorating than those with 
normal function. And in a recent study a higher fraction of 
kidneys with initial DRF below 40% required surgical inter- 
vention (35%) than kidneys with initial DRF >40% (14%) 
suggesting a closer follow-up in these cases.°® 

Diuretic renography plays an important role in the clinical 
decision making. Clinically, it is important to subject neonates 
with unilateral dilation of the renal pelvis to a consistent 
regimen taking advantage of as much information as possible. 
The Danish Societies of Nuclear Medicine, Radiology, 
Pediatric Urology and Pediatrics have reached consensus 
regarding this, which may work as a useful guide to decision 
making in neonatal cases with unilateral dilatation of the renal 
pelvis (Figures 12.8 and 12.9). 
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Counselling Follow-up Follow-up examination 
and possibly| | examination twice 28th and 32nd-33rd 
abortion during pregnancy week of gestation 
(week 28th-32nd) 
Figure 12.8 Flow chart representing the diagnostic strategy 


for a fetus diagnosed with a unilateral anomaly in week 18 
during pregnancy representing a summary of the overall 
consensus strategy provided by The Danish Societies of 
Nuclear Medicine, Radiology, Pediatric Urology and Pediatrics. 
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Figure 12.9 Flow chart representing the diagnostic and treatment strategy for neonates with prenatally diagnosed unilateral 
dilatation of the urinary tract representing a summary of the overall consensus strategy provided by The Danish Societies of 


Nuclear Medicine, Radiology, Pediatric Urology and Pediatrics. 


Interpretation of renal 
drainage 


Diuretic renography may be undertaken in many different 
ways according to existing guidelines’ and the hydronephrotic 
kidney drainage curve is often used when deciding whether 
to operate or not. Useful information may be obtained in 
the immature hydronephrotic kidney where agreement 
exists about the definition of good drainage. '®*° However, as 
opposed to the older symptomatic child the definition of 
obstruction based on an impaired drainage curve cannot be 
transferred to the asymptomatic infant kidney with an 
enlarged collecting system and/or renal immaturity.” Further, 
the risk of inappropriate data acquisition, processing and 
interpretation may lead to erroneous conclusions in this 
population. Therefore the use of diuretic curve interpretation 
alone has become less popular and some institutions no 
longer consider the drainage pattern in decision making.*°7!'* 

When interpreting and comparing diuretic drainage 
curves standardization of investigational procedures, as well 
as the use of drainage facilitating techniques, are important. 
Unfortunately few studies provide information on these 
matters.’ Often the diuretic renogram is performed without 
considering bias induced by differences in hydration, kidney 
function, pelvic size, gravity and bladder filling. It is therefore 
difficult, and at times impossible to compare findings 
between studies. Nevertheless, a number of studies indicate 
that T'/, time is not useful as an absolute parameter for 
redicting the functional course.'7°8*°? A significant fraction 
of kidneys followed nonoperatively which maintain or 
improve renal function have prolonged T’/, time and 
compromised drainage*®*°*** regardless of the use of 
drainage-facilitating techniques as recommended by the 
EAMN guidelines.'’ Drainage patterns are not stable and 
variability on sequential diuretic renography without surgical 
intervention is documented in a large fraction of 
hydronephrotic kidneys.'’*° Therefore impaired drainage 
may not be a persistent finding when the diuretic renography 
is repeated!” and may improve spontaneously on follow-up 
along with resolution or improvement of hydronephrosis 
and renal maturation.*°*** 

The percentage of cases with compromised drainage 
depends on the selection of the study population. 
Kuyvenhoven et al” found poor drainage in 16% of 
hydronephrotic children younger than 3 months measuring 
output efficiency on a postvoid and gravity-assisted view 
whereas Amarante et al!” found 44% with poor drainage 
using similar methods. The number of cases with compro- 
mised drainage also depends on pelvic size and a mathemati- 
cal model shows that drainage can be significantly influenced 
simply by changing the pelvic volume.” A poor drainage 
response is not synonymous with ongoing obstruction but 
may be associated with severe hydronephrosis, which accord- 
ing to the results by Dhillon et al. may signify an increased risk” 
and therefore should be followed more carefully. 
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Although surgery may not improve renal function, drainage 
is usually improved. In the study by Gordon et al. the percent- 
age of obstructed drainage curves in children operated 
because of decreased or decreasing function was reduced 
from 72% to 33%.* In the studies by Ransley and colleagues 
and by Ulman and Koff, improved drainage and decreased 
hydronephrosis were found in all postoperative cases.**“* 
Salem et al. also observed improved drainage postoperatively 
in kidneys which preoperatively had prolonged T'/, time,*”°° 
whereas Piepsz and colleagues demonstrated that most 
kidneys remained dilated postoperatively and that prolonged 
drainage reflected stasis in the dilated cavities! Although 
improvement or normalization in drainage and T'/, time has 
been used as an indicator of surgical success this is highly 
questionable as the postoperative drainage curves depend on 
the postoperative pelvic size (Figure |2.5A-C). 


How often should renography 
be performed and for how 
long should assessment be 
continued? 


The optimal schedule for serial investigations remains contro- 
versial and unknown. The study by Ulman et al indicated that 
close follow-up during the first 2 years (especially early in life) 
with diuretic renography and ultrasound may improve 
functional outcome.*® At the other extreme, kidneys with 
prenatal diagnosis that are lost to follow-up are not likely to 
recover function after delayed surgery.°?°* When evaluating 
and comparing existing studies maturational improvement 
in renal function is not accounted for. This would only be 
enlightened in a randomized prospective study. An important 
message to take home from the numerous studies is that 
there is a time frame for reversal, but this may be individual 
and remains unknown as reversal of function is only obtained 
in a fraction of kidneys. Therefore, it may be speculated that 
the population of prenatal diagnosed unilateral hydronephro- 
sis consists of kidneys with prenatal damage and no potential 
for recovery despite operation, kidneys that will improve 
their function spontaneously during growth and maturation, 
and kidneys with ongoing obstruction that may regain 
function by timely surgical relief. Unfortunately no studies so 
far have managed to provide methods that can identify these 
potential subgroups and thereby guide the follow-up 
regimen. Interestingly, a recent study comprising data 
from the US-based so-called Nationwide Inpatient Sample 
analysed the trends in surgical correction of paediatric 
ureteropelvic junction obstruction.°* The conclusion of this 
study was that practice patterns in paediatric pyeloplasty 
evolved between 1988 and 2000. Although mean age at 
surgery decreased in the population during the study period, 
a significantly smaller proportion of procedures are being 
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performed during the first 6 months of life. This finding 
suggests that patients with a diagnosis of prenatal 
hydronephrosis are increasingly being observed instead of 
undergoing surgery in the newborn period and infancy.” 
One important reason for this may be related to the use of 
renography as a routine method for monitoring renal function 
combined with proper diagnostic strategies as outlined previ- 
ously in this chapter (Figures 12.8 and | 2.9). 

The results and prevailing procedures underscore that 
randomized standardized clinical trials are still missing despite 
20 years of publishing mostly retrospective investigations 
into congenital hydronephrosis. The frequency of sequential 
diuretic renography is controversial and based on empirical 
and individual practice. In most studies the schedules for initial 
and repeated investigations are not described in detail. Some 
centres use fixed intervals between investigations,®°? others 
a more individual schedule based on the value of DRF.” 


Can the number of 
renographic investigations be 
reduced based on sequential 
and stationary ultrasound 
findings? 


It has been suggested that the size of the dilated pelvis may 
correlate to the risk of functional deterioration.” If so, the 
number and frequency of renographic assessments may be 
guided by the size of the pelvis. The risk of functional deteri- 
oration appears to be low in the case of SFU grade 1-2” or 
an anterior-posterior pelvic diameter < 12-15 mm‘! 4837 
unless severe prenatal hydronephrosis or severely dilated 
calices.“ In the case of more severe dilatation controversy 
exists as Dhillon et al. recommended immediate surgery if 
the anterior-posterior pelvic diameter exceeds 50 mm 
whereas others found no association between severe 
hydronephrosis and functional deterioration.*°? 

Although a few studies have suggested a correlation 
between functional deterioration and the degree of prenatal 
dilatation or increasing postnatal dilatation the predictive poten- 
tial of these parameters remains unknown?”® and further 
studies are needed to clarify the potential of guiding postnatal 
treatment and follow-up based on pre- and postnatal dilatation. 


Evidence-based development 
of new diagnostic strategies 


Thorough evaluation of hydronephrosis in the fetus or 
neonate requires an understanding of fetal and neonatal renal 
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Figure 12.10 Mojor steps in the ANG II regulating pathways 
in the kidney in response to unilateral obstruction of the ureter. 
Obstruction results in a pressure increase which in turn will 
increase the expression of the intrarenal renin-angiotensin 
system, including an enhanced production of ANG Il. This 
leads to activation of a series of molecular changes which 
are proinflammatory, pro-apoptotic and plays a pivotal role 
for the development of fibrosis and progressive obstructive 
nephropathy. ANG Il, angiotensin Il; EGF, epidermal growth 
factor, Ho-EGF, heparin-binding epidermal growth factor, 
TGF-B-1, transforming growth factor B-1; MCP-1, monocyte 
chemoattractant protein-1; ICMA-1, intercellular adhesion 
molecule-1; HSP-21, heat shock protein-21; P53, tumour 
suppressor protein P53; GADD45, growth-arrest and DNA 
damage-inducible gene 45; 7, increase; |, decrease. 


physiology, the transition from an intrauterine to extrauterine 
environment, and renal structural and functional maturation. 
In a recent National Institutes of Health sponsored workshop 
on congenital urinary tract obstruction it was concluded that 
the natural history of obstructive nephropathy should be 
defined by developing biomarkers in humans and animal 
models to generate measures of injury and functional impair- 
ment, including imaging techniques such as renography.°! 
Thus, to clarify the natural history of congenital hydronephro- 
sis animal models have contributed immensely to improve 
the knowledge and understanding on renal function develop- 
ment in response to congenital obstruction. It has been 
established that the resulting kidney damage is not a simple 
result of mechanical urine flow impairment but rather a 
complex syndrome involving alterations in glomerular 
haemodynamics and tubular function caused by the interac- 
tion of a variety of cytokines and vasoactive factors (for review 
see references 6| and 62). From numerous studies it is 
evident that the renin-angiotensin system (RAS) plays a 
pivotal role for the pathophysiological changes observed in 
response to an obstruction (Figure 12.10). Provided that a 
persisting unilateral ureter obstruction in a child will be associ- 
ated with an enhanced expression of the RAS and an 
unobstructed hydronephrosis will not be associated with an 
increased expression of the RAS, several attempts have been 
done to use blockade of the RAS system in combination with 
renography in a predictive manner with the aim to confirm or 


rule out the presence of urinary tract obstruction in cases 
with unilateral hydronephrosis.°' So far, these investigations 
have failed to convincingly demonstrate that blockade of the 
RAS in combination with renography provides results to 
discriminate whether a dilated system is obstructed. This may 
reflect the complex nature of urinary tract obstruction. In 
addition to the RAS, numerous other pathways important for 
renal functions are turned on in the obstructed kidney, includ- 
ing growth factors such as TGF-B and epidermal growth 
factor, endothelin and several cytokines. 

Moreover, animal studies have provided evidence that 
severe hydronephrosis does not always cause renal function 
oss or progressive dilatation during long-term follow-up.°*°° 
In a neonatal pig model with unilateral partial obstruction 
and grade 3—4 hydronephrosis early renographic evaluation 
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impaired even at severe dilatations.®” It has been hypothe- 
sized that the extrarenal pelvic dilatation may serve to protect 
the renal parenchyma from functional deterioration caused 
by overdistension and a rise in pressure. This so-called 
‘equilibrium theory’ refers to an equilibrium between outflow 
restriction, urine production and pelvic reservoir capacity, as 
discussed in Chapter 13. The compliance, contractility and 
capacity of the renal pelvis may therefore play an important 
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13 The point of view of the urologist 


Stephen A Koff 


Introduction 


With refinement in ultrasound technology over the past |5 
years, a near epidemic of hydronephrosis identified ante- 
natally has created an unparalleled management dilemma 
for paediatric urologists. At issue is the concept, still extant 
despite natural history studies to the contrary,'? that 
hydronephrosis is a pathological process, caused by a partial 
obstruction that was present in utero and is possibly still 
present after birth, that damages the kidney or reduces its 
functional potential. Although not well appreciated among 
paediatric urologists, a direct challenge to this concept was 
clearly posed by studies*!* on the physiology of partial 
obstruction-induced hydronephrosis and on the physical 
attributes and behaviour of the partially obstructed renal 
pelvis. When these are reviewed with a contemporary eye 
towards hydronephrosis in the newborn, they point to 
exactly the opposite conclusion: hydronephrosis is not a 
pathological process but actually a compensating physiologic 
mechanism by which the renal pelvis protects the kidney 
from high pressures and renal damage. In fact, hydronephro- 
sis, especially when it involves the already stretchy and disten- 
sible pelvis of the infant appears to not only be uniquely 
beneficial but to paradoxically mislead the unwary in to misdi- 
agnosing obstruction. Herein we present a counterargument 
which by describing the physiological bases of these beneficial 
and protective effects of hydronephrosis has important impli- 
cations for a more contemporary clinical management of this 
challenging group of patients. 


Chronic partial upper urinary 
tract obstruction (CPUUTO) 


CPUUTO is a common form of problematic renal obstruc- 
tion in young children and is of great clinical concern because 
it is often difficult to diagnose, especially in infancy, and 
untreated may progressively damage the kidney. It must be 
distinguished from total obstruction which causes little 
diagnostic confusion because it is rapidly injurious and often 
destroys the kidney prior to birth. Although hydronephrosis is 


an easy to recognize consequence of partial obstruction, its 
diagnostic specificity is limited because it may be the conse- 
quence of many nonobstructive conditions, such as reflux. 
Uniquely, CPUUTO is an extremely difficult form of obstruc- 
tion to characterize physiologically, because the parameters 
which usually define obstruction in other organ systems are 
not valid in its diagnosis. '* 

Renal pelvic pressure is usually normal. If tt were not normal 
then the diagnosis of chronic partial obstruction would be 
very easy. One would simply place a needle in the renal 
pelvis and note the elevated pressure. Whitaker's test would 
never have needed to be invented or performed. 

Renal pelvic volume increases in CPUUTO but seemingly 
puzzling often stabilizes and does not enlarge further. 

The outflow rate across the UP] is normal in chronic partial 
obstruction and is almost always the same as the inflow rate. 
Were it less, even if it was reduced by only a small amount, 
the renal pelvis would expand rapidly by this differential rate, 
and would overdistend rapidly. 

In the face of all these normal measurements, the mecha- 
nism for hydronephrosis appears to be genuinely puzzling 
and one must ponder the seemingly simplistic question. If 
pelvic pressure is normal in CPUUTO, why doesn't the renal 
pelvis just shrink to a smaller volume? 


The pathophysiology of 
chronic partial upper urinary 
tract obstruction 


The answer to this query requires an understanding of the 
physiology of CPUUTO and the nature of equilibrium in 
hydronephrosis which is best accomplished by observing the 
behaviour of a partially obstructed kidney in an animal model. 
When an incompletely occluding ligature was placed just 
below the UPJ in dogs,’® pelvic volume was observed to 
increase initially in all (Figure 13. 1) but thereafter some pelves 
reached an equilibrium and enlarged no further while others 
decreased in volume (Figure | 3.2). The elevated pressures in 
the renal pelvis seen immediately after creation of obstruction 
decreased progressively over time to normalize after several 
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Figure 13.1 Pelvic volume changes occurring early after 
partial upper ureteral ligation (after Koff’). 
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Figure 13.2 Pelvic volume changes occurring late after 
partial upper ureteral ligation. 


weeks (Figure 13.3). The protective effect of hydronephrosis 
can begin to be seen in a one-kidney canine model in which 
nephrectomy and creation of contralateral partial obstruction 
occurred simultaneously, when changes in renal function, 
measured by serum creatinine (a reasonably accurate reflec- 
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Figure 13.3 Normalization of pelvic pressures in chronic 
partial upper ureteral obstruction. 
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Figure 13.4 Changes in renal function and renal pelvis 
volume after partial upper ureteral ligation and contralateral 
nephrectomy. 


tion of solitary kidney function in a one-kidney model) and 
pelvic volume were observed over time (Figure 13.4). 
Creatinine remained fairly stable despite a partial UPJ 
obstruction which is significant enough to cause progressive 
hydronephrosis exceeding 80 ml (normal = <3 cc). After 
release of obstruction although pelvic volume returns 
towards normal, renal function remains unaffected. It appears 
as if the hydronephrosis has in some way protected the 
renal parenchyma from functional deterioration even in the 
presence of a significant partial UP] obstruction. However, 
not all kidneys subjected to the same degree of partial UPJ 
obstruction will be so lucky. In some cases even a large 
hydronephrosis will be unable to protect some kidneys from 
progressive renal functional deterioration (Figure | 3.5). 
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Figure 13.5 Variable effect of hydronephrosis on renal 
function in six dogs undergoing partial upper ureteral 
obstruction and contralateral heminephrectomy. 


These observations suggest that hydronephrosis induced 
by partial UPJ obstruction permits the same degree of 
obstruction to cause progressive dilation of the pelvis and 
renal impairment of renal function at low pelvic volumes but 
not at high pelvic volumes. How the partially obstructed 
hydronephrotic kidney exerts these beneficial and protective 
effects requires further analysis. 


Determinants of progression 
and equilibrium in 
hydronephrosis 


Once a partial obstruction is created the factors which deter- 
mine whether the dilation will progress or equilibrate are 
multiple and interrelated. They include the mass and health of 
the renal parenchyma, volume of urine produced, physical 
properties of the renal pelvis and, of course, the actual 
tightness of obstruction which influences urinary outflow. Of 
these, the behaviour and physical properties of the renal 
pelvis, its compliance, contractility and capacity have received 
scant attention, perhaps because their significance is not 
intuitively obvious, yet they may well be the most important 
factors in determining the fate of the partially obstructed 
idney. 

The physical properties of the renal pelvis have been 
assessed experimentally by pelvimetric examination which 
defines pelvic pressure-volume relationships during 
filing.”'°'? This test is similar to a cystometric examination 
and involves filling the renal pelvis with fluid at a constant rate 
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Figure 13.6 Pressure—volume relationships obtained by 
pelvimetric study of a kidney at two stages of hydronephrotic 
dilation (after Koff’). 


while monitoring changes in pelvic pressure during tempo- 
rary occlusion of the UPJ. Typical pelvimetric curves have 
characteristic shape and are similar to cystometric curves 
(Figure 13.6). They are comprised of a slowly rising low- 
pressure filling or accommodation phase during which the 
pelvic smooth muscle relaxes and accommodates to increas- 
ing volume. This is followed by a more rapidly rising overdis- 
tension phase during which the smooth muscle exceeds its 
relaxation potential, is overstretched and reflects elastic and 
connective (viscoelastic) tissue stretching within the pelvis 
wall. The transition point between these two phases defines 
the physiological capacity volume (VC) of the renal pelvis and 
this inflection point is usually easily identified. Below this 
capacity volume (VC), pressures are generally within the 
normal range and do not exceed 20 cm water. Above VC, 
pressures rise rapidly to exceed normal and quickly reach 
levels that are potentially damaging to the kidney. The slope 
of the overdistension phase may be measured as dP/dV 
(Figure 13.6). 

The pressure-volume relationships of progressive 
hydronephrosis in the partially obstructed kidney have been 
studied and characterized experimentally and clinically'®'? 
by initially creating a partially obstructing ligature around the 
upper ureter, and then performing serially pelvimetric studies 
during progression and resolution of hydronephrosis. Study 
of many normal, obstructed hydronephrotic kidneys as well 
as hydronephrotic kidneys after release of obstruction 
revealed a very similar shaped pelvimetric curve with the 
inflection point defining capacity volume, VC, easily recogniz- 
ble (Figure | 3.6). 

As hydronephrosis progresses and the renal pelvis enlarges 
the serial curves evolve and reflect two distinct events that are 
imultaneously occurring. As the pelvis enlarges, the slope of 
the overdistension curve decreases, and the capacity volume, 
VC, increases. Together, these two factors determine to a 
great extent the behaviour and prognosis of the partially 
obstructed hydronephrotic kidney. As hydronephrosis 
progresses, the larger pelvis will have a greater capacity reser- 
voir volume, VC , which functions increasingly as a volume 
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Figure 13.7 Pelvimetric changes during progressive 
hydronephrosis demonstrate an increase in pelvis capacity, 
VC, and a decrease in the slope of the overdistension portion 
of the curve. 


buffer to protect the pelvis from overdistension. Likewise, a 
lower slope to the overdistension curve, implies that 
pressure in the pelvis will rise more slowly once volume 
expands, overstretches, as the capacity of the pelvis (VC) is 
exceeded. Depending on the rate and extent of volume 
expansion, these factors may delay, mitigate or even prevent 
altogether the development of pressure-induced renal 
parenchyma damage (Figure 13.7). 

The clinical implications of these physiological phenomena 
are significant. They explain how pressures rise faster and 
reach higher levels in kidneys with small renal pelves than 
arge pelves. This is the reason that kidneys with small or 
confined intrarenal pelves are more vulnerable to obstruction 
than kidneys with large pelves. Also explained is why the 
presence of infection in the obstructed hydronephrotic 
idney magnifies renal injury by causing the pelvis to thicken, 
ose its compliance and elasticity and develop higher 
pressures more rapidly. They also provide insights into the 
mechanisms which allow the renal pelvis to maintain a state of 
hydronephrotic dilation despite normal pressures and allow 
it to reach a state of equilibration despite persisting partial 
obstruction. 


Why doesn’t the partially 
obstructed hydronephrotic 
kidney shrink to a more 
normal pelvic size when 
pelvic pressure is normal? 


The answer to this seemingly simple question provides a 
key to understanding the pathophysiology of progressive 
hydronephrosis in partial UPJ obstruction. Intermittent diure- 


sis is a driving force for progression of hydronephrosis and 
two physical properties of the renal pelvis determine its fate. 
These are: (1) hysteresis, a mechanical property by which the 
force needed to create a deformation is always greater than 
the force needed to maintain that deformation, and (2) stress 
relaxation, an attribute of the pelvic wall which enables it to 
slowly enlarge or creep under stress, rather than to tear or 
disrupt. 

It is important to recognize in chronic partial obstruction 
that the hydronephrotic renal pelvis is rarely overdistended. 
Pelvic volumes vary and depend on the state of hydration 
and urine production. The instigating event in progressive 
hydronephrosis appears to be an imbalance between urine 
production into the pelvis and urine outflow from the pelvis. 
With extrinsic obstructions, the imbalance is caused by an 
aberrant vessel or band or kinking which reduces the lumen 
of the UP} and causes fluid accumulation. In contrast, for 
intrinsic UP] obstructions which fix the luminal calibre of the 
UP} and do not allow it to dilate, imbalance occurs during 
diuresis. In either case, the consequence of urine imbalance is 
pelvic volume expansion. As the pelvis enlarges, its pressure 
is determined by the particular pelvimetric relationship that 
exists at that point in time. During volume expansion, patho- 
logical pressures generally do not develop and are not 
sustained as long as the pelvic smooth muscle relaxes suffi- 
ciently to accommodate to the increased volume. However, 
beyond a point, continued pelvic volume expansion will 
overstretch the pelvis and lead to progression of 
hydronephrosis.*® 

Physiologically, the overstretched pelvis will develop 
pathologically high pressures which will negatively affect renal 
function. The most obvious functional change will be a 
decrease in urine production which may cease if pressures 
get too high. Once urine production decreases or stops, the 
pelvis will stop enlarging and will eventually begin to decrease 
in size as urine flows out across the UP] and through alterna- 
tive lymphatic and tubular backflow channels. However, if the 
overdistension has altered the integrity of the pelvic wall, then 
progression of hydronephrosis will result, because once 
the pelvis enlarges beyond its accommodative limits the 
viscoelastic tissues stretch under stress and are deformed to a 
new maximum volume. This will reset the pressure-volume 
relationships within the pelvis and will shift the pelvimetric 
curve to the right (Figure 13.8). The consequence of this will 
be that at any pelvic volume the pressure within the pelvis will 
be slightly less than before. In addition, the pelvis will now 
also have a slightly larger maximum capacity volume, VC. 
This reflects hysteresis because while it took excessive 
pressure (force) to overstretch and enlarge the pelvis, tt now 
takes less pressure (force) to maintain the enlarged pelvis in tts 
new slightly overstretched state. The new pelvimetric curve 
relationships become operative immediately and they deter- 
mine the pressure that exists at each and every increment 
of smaller pelvic volume (Figure 13.8). The answer to the 
above query becomes apparent: the pelvis does not shrink to 
a normal size when pressures are normal because pressure 
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Figure 13.8 Mechanism for progressive hydronephrosis in 
partial obstruction. Pelvic overdistension shifts pressure-volume 
relationships to a new pelvimetric curve which remain fixed 
until a new episode of overdistension occurs (after Koff). 


does not determine volume within the renal pelvis. Rather, 
pressure is determined by volume in the pelvis according to 
the pressure-volume pelvimetric relationship in the pelvis; 
pressure at each increment of volume reflects the smooth 
muscle and viscoelastic properties of the pelvis wall. 

Figure 13.8 reveals the pressure-volume relationships in 
an expanding partially obstructed hydronephrotic kidney and 
it displays a series of pelvimetric curves. Each curve reflects a 
pressure-volume relationship that remains constant until the 
next episode of pelvic overdistension. In essence, the process 
of hydronephrotic expansion in partial obstruction involves a 
series of small episodes of renal pelvic overdistension. Not all 
diuretic or obstructive episodes will be of sufficient duration 
or degree to produce overdistension, but when overstretch- 
ing does occur it will shift the pelvimetric curve to the right 
and cause progression of hydronephrosis. 

Despite the pathophysiology required to create progres- 
sive hydronephrosis, hydronephrosis per se should not be 
viewed as pathological or harmful. It is actually protective, and 
its salutary effects are seen when the pelvimetric curve is 
examined more carefully. Figure |3.3 illustrates that partial 
obstruction initially causes high and potentially damaging 
pelvic pressures. But, with increasing hydronephrosis, the 
maximum pressures within the partially obstructed (canine) 

idney decrease toward normal and after about 6—10 weeks 

remain within the normal range. This is because the enlarged 
renal pelvis now has a larger maximum capacity and can take 
in significantly more urine volume before pelvic overdisten- 
sion occurs. In addition, the rate at which pressures rise 
within the pelvis is less than before because the slope of the 
overdistension curve has decreased. This implies that a 
longer period of imbalance between inflow and outflow will 
be tolerated before the pelvis exceeds its accommodative 
limit and before pressures reach pathological levels; theoreti- 
cally, if the pelvis enlarges sufficiently, pressures may never 
become pathologically high. 
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Taken together, the biological changes occurring in the 
hydronephrotic renal pelvis enable it to become large enough 
to reduce the likelihood for pelvic overdistension but should 
overdistension occur they blunt the pelvic pressure rise to keep 
it from reaching damaging levels. As a result when the pelvis is 
extremely compliant and stretchy as exists in the newborn, 
hydronephrosis actually may prevent a partial urinary obstruc- 
tion from causing progressive hydronephrosis and renal damage 
by inducing a state of equilibrium between outflow restriction, 
urine production and pelvic reservoir capacity. This truly is a 
beneficial and protective effect, an effect that paediatric urolo- 
gists who almost daily face the clinical management dilemma of 
hydronephrosis in the newborn must recognize keenly. 


Clinical issues relating to 
hydronephrosis in infancy 


In the newborn, the relationship between hydronephrosis 
and obstruction is as complex and enigmatic as is the aetiology 
of the pelvic dilation and future potential of the dilated kidney. 
Prior to birth the hydronephrotic kidney may have never been 
obstructed, its dilation simply related to transient reflux or 
embryologic malformation, or the kidney may be or no longer 
be obstructed, or it may become obstructed in the future. 
Unfortunately, based on |5 years of studies on methods for 
assessing obstruction in infant hydronephrosis it is now appar- 
ent that no extant diagnostic test can diagnose obstruction in 
this age group, clarify the past history of the kidney, determine 
whether the kidney is, is not has ever been or will be affected 
by CUUTPO or predict the fate of the newborn kidney, its 
response to dilation or its ultimate renal function. At this time 
of the century the questions, will the hydronephrosis 
progress, resolve or remain unchanged or will it hurt the 
kidney remain unanswerable by blood, radiographic or 
nuclear medicine studies. Faced with these clinical, pathologic 
and diagnostic dilemmas and a newly recognized near 
epidemic of ultrasonographically detected hydronephrosis (| 
in 500 births), nearly two decades ago it is not surprising that 
paediatric urologists developed clinical management protocols 
to try to determine if the dilated kidney was obstructed and to 
more deliberately approach the problem of managing the 
infant with hydronephrosis.'*:'*"'? These protocols were 
predicated on the concept that since it was not possible to 
either define or measure obstruction accurately in this age 
group it was illogical to recommend surgical intervention in the 
very young child to treat suspicious, but not clearly proven, 
obstructions. The protocols delayed surgery until sequential 
testing with ultrasonography, to assess changing degrees of 
hydronephrosis, and diuretic renography, to measure changes 
in differential function and isotope washout kinetics, clarified 
the kidney’s response to hydronephrosis. The outcomes of 
these studies indicated surprisingly that in most cases, 
75-80%, hydronephrosis was rather benign and with time 
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spontaneously improved or resolved completely without 
adversely affecting renal function. The results validated an 
initial nonoperative approach, demonstrated the feasibility of 
using serial US and DR testing to determine whether the 
hydronephrosis and renal function was improving or deterio- 
rating and thereby provide a means for assessing obstruction 
in newborn hydronephrosis. The protocols ultimately 
changed the management of this condition. However, in 
addition to revealing that the initial size of the renal pelvis and 
the initial level of differential function were unable to accurately 
determine the presence of obstruction in a given kidney or 
predict the potential for progression or resolution of 
hydronephrosis or renal injury, a few studies also demon- 
strated quite surprisingly that the washout pattern or T ⁄ time 
on DR was particularly inaccurate in defining obstruction since 
40-50% of severely hydronephrotic kidneys, ones whose 
hydronephrosis improved or resolved spontaneously, had 
T'/, times longer than 20-30 minutes and washout patterns 
that were clearly in an obstructed range.*°?! 

Since DR remains a popular and widely accepted method 
for assessing obstruction in older patients with hydronephro- 
sis, the nature of this diagnostic fallibility observed in infants 
required further analysis. In DR, the diagnosis of obstruction 
has traditionally been based on the rate with which tracer 
leaves the renal pelvis following diuretic injection. This is 
reflected in the slope of the drainage curve and often reported 
as T'/, time, the time required for 50% of the isotope to leave 
the pelvis. It is generally viewed as an accurate reflection of the 
patency of the UP] with rapid drainage (low T'/, time) indicat- 
ing no obstruction while impaired drainage, slow or no 
washout (T'/, time > 20 minutes), indicating obstruction. 
Provided that the testing protocol is standardized and that 
the conduct and interpretation of the examination follow 
commonly accepted criteria, DR has been regarded to be an 
accurate tool for assessing hydronephrosis and suspected 
obstruction in older children and adults. 

The same degree of accuracy probably does not exist in 
very young children when DR is performed and interpreted 
using these same protocols and criteria. Technical and physi- 
ological error potentials have been well described?! to 
explain inaccuracy to some degree and these are now well 
known to nuclear medicine physicians. But there also exist 
uniquely age-related anatomic variables which have not been 
well appreciated that can undermine and seriously compro- 
mise test accuracy. We have recently shown that the 
anatomy of the hydronephrotic renal pelvis is so different in 
very young compared to older children with respect to its 
ability to expand during diuresis that it can produce excessive 
dilution of isotope and failure of isotope washout from the 
renal pelvis.” Isotope dilution actually occurs twice during 
DR. Initially at the time of tracer injection, tracer-free urine 
already present within the renal pelvis dilutes the concentra- 
tion of tracer in urine entering the pelvis. The larger the 
amount of tracer-free urine in the renal pelvis the greater will 
be the degree of tracer dilution. Dilution occurs again after 
administration of the diuretic agent, which in most DR proto- 


cols is injected typically well after the tracer has been cleared 
from the blood pool and renal parenchyma. When this 
diuretic-induced tracer-free urine enters the pelvis it further 
reduces the concentration of isotope already within the 
pelvis. As a result of dilution and directly proportional to the 
size of the hydronephrotic renal pelvis, each cc of urine 
eaving the renal pelvis will contain progressively less tracer. 
Consequently, the rate with which tracer washes out from a 
idney with a large pelvis will be slower and the T'/, time 
onger than the rate for a kidney with a small pelvis. In 
addition to this volume effect which hydronephrosis at any 
age exerts on the behaviour of tracer during diuresis, we 
noted marked distensibility of the renal pelves in young 
children during diuresis. By actually measuring with pelvic 
volume by US during DR, this unique distensibility was 
observed and served to magnify the effects of dilution and to 
contribute further to DR inaccuracy. We found that in 
hydronephrotic kidneys ultimately proven to be non- 
obstructed, diuresis caused an increase in pelvic volume that 
averaged 88% and often exceeded by |00% the pre-diuretic 
hydronephrotic pelvic size. This effect was observed to occur 
primarily in children under 2 years of age with the greatest 
potential for volume expansion occurring in the youngest 
patients. This near doubling of pelvis volume during diuresis, 
when tracer-free urine is entering the renal pelvis, means that 
urine containing tracer is accumulating within the pelvis rather 
than leaving it and this is reflected in a prolonged T ⁄ time. 
Since urinary tracer concentration is decreased by nearly half 
it now takes twice as long to empty the large renal pelvis of 
tracer. Were the urinary outflow rate from the pelvis not to 
increase at all in response to diuresis it would actually take 
twice as long to carry tracer out of the pelvis and the T'/, time 
would truly double. In older patients this dilution-induced 
pelvic enlargement may in fact be mitigated by faster pelvic 
emptying which accompanies faster inflow during diuresis. 
However, this does not appear to be the case in very young 
children whose unique degree of pelvic enlargement during 
diuresis indicates that these compensating mechanisms are 
not sufficient to prevent pelvic expansion and that even in the 
absence of obstruction, urine must be entering the renal 
pelvis at a rate much faster than it leaves the pelvis. The net 
effect is one of marked delay in tracer outflow with a prolon- 
gation of T'/, time. This high compliance anatomic feature of 
the infant renal pelvis, by allowing the already large pelvis to 
serve as a ready reservoir for additional volume expansion 
thus serves to magnify the effect of diuresis on tracer dilution 
and to compromise the accuracy of DR. 


Summary 


Hydronephrosis has generally been considered a pathological 
process, and especially in infancy is widely viewed as caused 
by obstruction, potentially injurious to the kidney and in need 


of expeditious surgical 


treatment. However, a number of 


clinical and experimental studies suggest exactly the opposite: 


that hydronephrosis 
compensating mechani 
from high pressures 


is not pathological but actually a 


sm designed to protect the kidney 
and renal damage. Furthermore, 


because hydronephrosis in the infant involves an already 


compliant and distensib 
uniquely protected. In 


e renal pelvis its kidney appears to be 
providing the basis for a counter- 


argument which cha 


lenges the pathologic nature of 


hydronephrosis, these studies also serve as the foundation for 
evolving clinical management protocols which recognize the 


References 


The point of view of the urologist 123 


limitations and inaccuracies of trying to use adult-based 
diagnostic tests including DR washout to diagnose obstruction 
in infants with hydronephrosis. Successful management 
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treat correct obstruction with immediate surgery if it occurs, 
and to reassuringly observe that approximately 80% of 
patients with affected kidneys managed in this fashion will 
have their hydronephrosis improve spontaneously or resolve 
completely without renal impairment. 


|. Ransley PG, Dhillon HK, Gordon | et al. The postnatal 
management of hydronephrosis diagnosed by prenatal ultra- 


sound. | Urol 1990; 


144: 584. 


7. Blachar A, Blachar Y, Livne PM et al. Clinical outcome and 
follow-up of prenatal hydronephrosis. Pediatr Nephrol 1994; 
8: 30-5. 


2. Dhillon HK. Prenatally diagnosed hydronephrosis: The Great 


Ormand Street experience. Br J Urol 1998; 81: 39. 

Ulman |, Jayanthi VR, Koff SA. The long-term followup of 
newborns with severe unilateral hydronephrosis initially 
treated nonoperatively. J Urol 2000; 164: | 101-5. 

Djurhuus JC. Dynamics of upper urinary tract. Ill. The activity 
of renal pelvis during pressure variations. Invest Urol 1977; 
14: 475. 
Djurhuus JC, Nerstrom B, Gyrd-Hansen N, Rask-Andersen 
H. Experimental hydronephrosis. Acta Chir Scand 1976; 472: 
17. 
Djurhuus JC, Stage P. Percutaneous and intrapelvic pressure 
registrations in hydronephrosis during diuresis. Acta Chir 
Scand 1976; 47: 43. 

off SA. Diagnosis of obstruction in experimental 
hydroureteronephrosis: mechanisms for progressive urinary 
tract dilation. Invest Urol 1981; 19: 85-8. 

off SA. Determinants of progression and equilibrium. in 
hydronephrosis. Urology 1983; 21: 496-500. 

off SA. Pressure volume relationships in 
hydronephrosis. Urology 1985; 25: 256. 

off SA, Hayden LJ, Cirulli C, Shore R. Pathophysiology of 
ureteropelvic junction obstruction: experimental and clinical 
observations. | Urol 1986; 136: 336-8. 

off SA. Editorial: Problematic ureteropelvic junction obstruc- 
tion. J Urol 1987; 138: 390. 

off SA. Pathophysiology of ureteropelvic junction obstruc- 
tion. Clinical and experimental observations. Urol Clin North 
Am 1990; 17: 263-72. 

Chung YK, Chang PY, Lin CJ et al. Conservative treatment of 
neonatal hydronephrosis. } Formosan Med Assoc 1992; 91: 
75-80. 
Koff SA, Campbell K. Nonoperative management of unilateral 
neonatal hydronephrosis. J Urol Aug 1992; 148: 525-31]. 
Freedman ER, Rickwood AMK. Prenatally diagnosed pelvi- 
ureteric junction obstruction: a benign condition? | Ped Surg 
1994; 29: 769-72. 

Nonomura K, Yamashita T, Kanagawa K et al. Management 
and outcome of antenatally diagnosed hydronephrosis. Int J 
Urol J 1994; |: 121-8. 


human 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27 


28. 


29. 


30. 


8. Koff SA, Campbell KD. The nonoperative management of 


unilateral neonatal hydronephrosis: natural history of poorly 
functioning kidneys. J Urol 1994; 152: 593-5. 

osephson S, Dhillon HK, Ransley PG. Post-natal manage- 
ment of antenatally detected, bilateral hydronephrosis. Urol 
nt 1993; 51: 79-84. 
Gordon |. Diuretic renography in infants with prenatal unilat- 
eral hydronephrosis: an explanation for the controversy about 
poor drainage. BJU Int'l 2001; 87: 551-5. 

Amarante J, Anderson PJ, Gordon |. Impaired drainage on 
diuretic renography using half-time or pelvic excretion 
efficiency is not a sign of obstruction in children with a prenatal 
diagnosis of unilateral renal pelvic dilatation. J Urol 2003; | 69: 
1828-31. 
Conway JL. ‘Well-tempered’ diuresis renography: its historical 
development, physiological and technical pitfalls, and 
standardized technique protocol. Sem Nucl Med 1992; 22: 
74-84. 
Gungor F, Anderson P, Gordon |. Effect of the size of regions 
of interest on the estimation of differential renal function in 
children with congenital hydronephrosis. Nucl Med Commun 
2002; 23: 147-51. 
Connolly LP, Zurakowski D, Peters CA et al. Variability of 
diuresis renography interpretation due to method of post- 
diuretic renal pelvic clearance half-time determination. | Urol 
2000; 164: 467-71. 
Wong DC, Rossleigh MA, Farnsworth RH. Diuretic renogra- 
phy with the addition of quantitative gravity-assisted drainage 
in infants and children. J Nucl Med 2000; 41: 1030-6. 
Saunders CAB, Choong KKL, Larcos G et al. Assessment of 
pediatric hydronephrosis using output efficiency. | Nucl Med 
1997; 38: 1483-6. 
Gordon |. Assessment of pediatric hydronephrosis using 
output efficiency. |] Nucl Med 1997; 38: 1487-9. 
Anderson PJ, Rangarajan V, Gordon |. Assessment of drainage 
in PUJ dilatation: pelvic excretion efficiency as an index of renal 
function. Nucl Med Commun 1997; 18: 823-6. 
Piepsz A, Ham H. Factors influencing the accuracy of renal 
output efficiency. Nucl Med Commun 2000; 21: 1009-13. 
Piepsz A, Tondeur M, Ham H. NORA: a simple and reliable 


124 Functional Imaging of Nephro-Urology 


3l; 


parameter for estimating renal output with or without 32. 


frusemide challenge. Nucl Med Commun 2000; 21: 317-23. 
Kuyvenhoven JD, Ham HR, Piepsz A. Optimal time window 
for measurement of renal output parameters. Nucl Med Rev 
Cent East Eur 2002; 5: 105-8. 


Koff SA, Binkovitz I, Coley B, Jayanthi VR. Renal pelvis size 
during diuresis in children with hydronephrosis: implications 
for diagnosing obstruction with diuretic renography. J Urology 
2005; 174: 303-7. 


Renovascular disease 


14 Present and future developments of 
functional and molecular imaging 


M Donald Blaufox 


This chapter on renovascular hypertension represents an 
effort to bring together the wide variety of imaging 
approaches that have been used in studying hypertension and 
the kidney. The original study that demonstrated a definite 
relation between the kidney and the regulation of blood 
pressure was reported in 1898 by Tigerstead and Bergman 
(see Table 14.1) when they demonstrated that an extract of 
the kidney injected into experimental animals would cause an 
elevation of the blood pressure. The substance was named 
renin because of its origin. A wide variety of experiments 
were conducted during the following years in an effort to 
clearly establish that manipulation of the kidney could cause 
high blood pressure. These studies included partial nephrec- 
tomy, infection of the kidney and wrapping the kidney in 
cellophane among others.’ The first investigator to show that 
changes in renal blood flow could affect the blood pressure 
was Harry Goldblatt, who reported his findings in 1934.’ 
Subsequently, the first human case in which it was demon- 
strated that nephrectomy resulted in a return of blood 
pressure to normal was published in 1938 by Leadbetter.* 


Table 14.1 A simplified chronology of developments 
in renovascular hypertension up to the introduction of 
the rapid sequence IVP. Although the major 
developments are shown here, many hundreds of 
reports appeared in the literature during that time. 


Tigerstedt and Bergman 1898 


Goldblatt 1934 
First human case (Leadbetter) 1938 
Howard Test 1954 
IVP 1954 
Renogram 1956 
Rapid sequence IVP 1964 


This firmly established a renovascular origin of hypertension 
in some patients. Following these various observations, the 
problem arose as to how best to determine which patients 
with hypertension have renovascular hypertension as their 
causality and how to cure them. 


Table 14.2 This study from London’? shows the changes that occur in the various physiological parameters in 
patients with a stenotic kidney causing renovascular hypertension as compared to the contralateral kidney and 
patients with essential hypertension. These data are obtained by bilateral ureteral catheterization. The difficulty and 
risk associated with the procedure led to its abandonment as a diagnostic test for renovascular hypertension. 


Essential hypertension 


Renovascular hypertension 


Right kidney (1) Left kidney (Il) Stenotic Contralateral 
kidney (Ill) kidney (IV) 

Cin (ml/min/m?) 35.2 + 13.5 33.6 + 11.6 22.9 + 9,3* 47.6 + 12.6ł 
CPAH (ml/min/m?) 160.3 + 56.9 158.7 + 45 91.5 + 47.8* 194.1 + 63.8 
EPAH (%) 81.1 + 10.3 81.4 + 9.7 84.7 + 9.7 83.5 + 11.3 
FF (%) 21.8 + 5.3 21.5 + 5.0 25.7 + 7.6T 25.6 + 6.2ł 
UV (ul/min) 884 + 594 836 + 492 465 + 372* 1327 + 692 
UNA V (umol/min) 38.4 + 24.0 36.7 + 31 25.1 + 28.5 77 + 74t 
UcrR/UcrL 1.08 + 0.18 2:94: 1:7 
PRAR/PRAL 0.90 + 0.35 2.89 + ] 

12.8+0.9 13.0 + 0.9 10,2 + 1.6% 13.4 + 1.3 


Kidney size (cm) 


Values are means + SD 


Abbreviations: UCRR, creatinine concentration in the right or left kidney (or stenotic and contralateral); PRA, plasma renin activity 


ratio between right or left (or stenotic and contralateral) kidney. 


*P<0.001 Ill v l; Il, IV; tP<O.01 Ill and IV v | and Il; #?<0.001 IV v lll; P<0.001 essential AHI v RAM. 
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Table 14.3 This table from Havey’ compiles some major studies in patients with suspected renovascular 
hypertension utilizing radioiosotope renography. The average sensitivity and specificity are not sufficient for a 


disease of such low prevalence. 


Study Year Patients Patients Sensitivity of Specificity of 
with RAS* without RAS renogram (%} renogram (%) 

Maxwell et al 1964 42 - 69 - 

Burbank et al’ 1963 37 17 97 82.3 

Luke et al'é 1966 29 66 69 88 

Giese et al’? 1975 38 21 95 90 

Kaufman"! 1979 482 444 70 74 

McNeil et al? 1975 118 152 85 90 

(Data from Cooperative Study)?” 

Foster et al’? 1966 44 162 68 69 

Hunt et al? 1970 85 89 71 70 

Buda et al?! 1976 59 - 78 - 

Total - 934 951 74.4 77 


*RAS, renal artery stenosis. 


Table 14.4 This table from McNeil? shows, in the same 
patients, a comparison between true-positive and false- 
positive rates in renography and rapid sequence 
intravenous urography. It is noteworthy that both tests 
together improve the true-positive rate to 91% but 
unfortunately, the very high false-positive rate of 10% is 
almost doubled. Both tests are done in each patient 


TP (%) FP (%) 
Renogram 85 10 
Urogram 78 11 
Both 91 18 


The search for an ideal test and an ideal therapy has been 
elusive. Probably one of the most reliable tests was devel- 
oped by Howard in 1954.° It is remarkable that the Howard 
test was based on only four patients with proven renovascu- 
lar hypertension. Subsequent data validating the test do not 
provide us with any information on sensitivity, specificity or 
any truly scientific way in which the criteria were established. 
However, they have held up well and in fact characterized 
the changes in renal function associated with hypertension 
very nicely (Table 14.2). The IVP came to be used for detec- 
tion of renovascular hypertension the same year as the 
Howard test, but provided very nonspecific information. It 
was not until the introduction of the rapid sequence IVP in 
1964° that more specific information could be obtained. 
Patients with renovascular hypertension have delayed 
concentration of contrast media by the affected kidney and 
delayed excretion. These changes are exactly analogous to 
the increased water reabsorption noted in the Howard test. 
The changes noted in the IVP were paralleled by the changes 
that were observed in radioisotope renograms as early as 


Table 14.5 This table illustrates the effect of 
prevalence on the false-positive rate for renovascular 
hypertension studies using tests in which the true- 
positive rate is 90% and the false-positive rate 10%. In 
a high prevalence disease, this false-positive rate is 
very acceptable as shown in the table with the 
estimated prevalence of 80%. In a relatively low- 
prevalence disease like renovascular hypertension, this 
is Obviously not a sufficient sensitivity and specificity for 
screening since the false-positive rate rises to 91.7% 


Prevalence 80% RVH Prevalence 1% 


TP — 90% 
FP — 10% 
1000 — 800 RVH 1000 — 10 RVH 
200 EH 990 EH 
Detect 720 RVH Detect 9 RVH 
20 _ ò 9 é 
Jag 7 27% FP qog ee 


1956 (Table 14.3). The true-positive rates and false- 
positive rates for renography and urography were compara- 
ble but far from ideal; each with a false-positive rate of about 
10%.? The two tests together provided a true-positive rate 
of about 9 | % but unfortunately the false-positive rate almost 
doubled to 18% (Table 14.4). Although one would expect 
that a test with a 90% true-positive rate and a 10% false- 
positive rate would be acceptable in many diseases, in the 
case of renovascular hypertension it is highly unacceptable 
because of the low prevalence (Table 14.5). If the preva- 
lence of renovascular hypertension in a selected population 
could be raised to 80%, the test would be superb, but since 
in a general population it is only about |% or less, there is an 


Present and future developments of functional and molecular imaging 129 


unacceptably high ratio of false positives. Careful selection of 
the patients for screening can enrich the population to about 
30%, which helps but does not resolve completely the false- 
positive rate. 

Another problem that has plagued us with radioisotope 

renography has been the unbridled early acceptance of the 
test without any critical review. Winter quotes an investigator 
whose name is omitted here for obvious reasons as report- 
ing ‘X reported in 1961... the renogram as a screening test 
for renal artery disease....’. He stated ‘.... there have been 
no false negative results to date and would be false positive 
readings had been interpretable or explicable in other ways.’ 
Z... recorded in 1961 ‘the isotope renogram was distinctly 
abnormal in 36 of these 37 patients (.... found to have renal 
artery disease); in the remaining patients the renogram had 
some abnormal features.” A review of the rapid sequence 
IVP that had a profound effect on our understanding of the 
value of the test, was conducted by Havey et al’ and they 
found that between the years 1962 and 1983, 2040 patients 
with renal artery stenosis and 2133 patients with hyperten- 
sion without renal artery stenosis were reported. The sensi- 
tivity in this series was only 74.5% and the specificity only 
86.2%. These data and similar studies led to the ultimate 
demise of the rapid-sequence IVP as a major screening test 
for renovascular hypertension. We do not have sensitivity or 
specificity data on the Howard or Howard/Stamey tests. 
Table 14.2 shows the changes in a series which included 41 
patients with renovascular hypertension and 36 with essential 
hypertension.'° The differences in the patients with renovas- 
cular hypertension are quite impressive, including a reduction 
in inulin clearance (this abnormality can be seen on a DTPA 
renogram) and a change in PAH clearance (this can be seen 
on a MAG3 or hippuran renogram). A marked reduction in 
urine volume (the reduction that was taken as diagnostic was 
a 50% decrease in urine volume) and a reduction in urinary 
sodium excretion of 15% was accepted for diagnostic 
purposes. Another characteristic is the reduction in renal size 
that usually occurs ipsilateral to a renal artery stenosis. 
Based on numerous studies over the years, we now 
realize that in renovascular hypertension, renal blood flow 
and GFR are usually decreased as shown by the Howard test, 
although this is not an invariable consequence. In some 
patients, the change in GFR is fully compensated by the renin- 
angiotensin system. It also became apparent with the intro- 
duction of angiotensin-converting enzyme inhibition that the 
diagnostic accuracy of renography could be improved by 
showing characteristic haemodynamic changes in which the 
renal blood flow change is variable and not reliable but in 
which the GFR is almost invariably decreased after adminis- 
tration of the inhibitor. 

Numerous modalities have been introduced to study 
renovascular disease. Some of these are morphologic and 
therefore, by their intrinsic nature, cannot be used to 
diagnose renovascular hypertension but only show us some 
of the associated morphologic changes. These include 
colour-coded duplex ultrasound, spiral CT, contrast- 


Tc-99m DTPA 


Precaptopril 


A 
Tc-99m DTPA 
7 Postcaptopril 
T T T T T T T T T T T T T T T T 1 
B 
Figure 14.1 A: This is a technetium-99m-DTPA renogram 


obtained in a patient with a renal transplant and renal artery 
stenosis. Although the patient had renovascular hypertension, 
the renogram is normal. This renogram shows very nicely the 
potential for compensatory changes through the renin- 
angiotensin system to maintain GFR in a patient with renal 
artery stenosis sufficient to cause renovascular hypertension. 
B: This renogram was obtained in the same patient after the 
administration of 25 mg of captopril. The dependence of the 
kidney function on the renin-angiotensin system is very clearly 
demonstrated. All renal function is lost as evidenced by a 
horizontal straight line in a patient who only has one kidney so 
that there is no source for excretion of the DTPA. This study is 
diagnostic for renovascular hypertension with a very high 
sensitivity and specificity and demonstrates clearly the 
physiology of the disease. 


enhanced MR angiography and arteriography. These different 
modalities of radiology are discussed in detail in Chapter | 5. 
Colour-coded duplex, another imaging technique, relies 
on a change in renal artery velocity to greater than | 80 cm/s, 
a change in the renal artery/aorta ratio of greater than 3.5, 
decreased poststenotic flow velocity, turbulence and a reduc- 
tion in kidney length to less than 8 cm. The reported sensitiv- 
ities for colour-coded duplex range from 83% to 87% with a 
reported specificity of 81-91%. These are really not compet- 
itive with the early renograms and IVPs abandoned since. 
Moreover, the technical failure rate with colour-coded 
duplex ultrasound has been reported to range from 0-20%. 
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Although the results are good in highly experienced centres, 
the generalizability of this is probably poor because of its high 
user dependence. 

Contrast-enhanced spiral CT and MR angiography have 
progressed to the point where results are almost as good as 
intra-arterial arteriography, making possible a relatively non- 
invasive approach to arteriography. 

The physiologic diagnostic tests that are available, on the 
other hand, provide information that is much more specific 
to the disease. These include colour-coded duplex with 
angiotensin-converting enzyme inhibition, renal vein renin 
sampling, peripheral plasma renin and captopril renography. 
Renal vein renin sampling has been largely abandoned 
because of its invasive nature, just as the Howard test has 
been abandoned for the same reason. The peripheral plasma 
renin has proven too unreliable to use on a routine basis. The 
present role of nuclear medicine in renovascular hyperten- 
sion is discussed in Chapter | 6. 

The changes induced in the radioisotope renogram in 
patients with renovascular hypertension are very dramatic in 
many situations. Figure 14.1A shows a technetium-99m- 
DTPA renogram in a renal transplant recipient. It is for all 
practical purposes normal; however, Figure |4.1B, shows a 
renogram in the same patient with technetium-99m-DTPA 
after receiving captopril. Note the complete absence of renal 
function after the ACE inhibition that removes the mechanism 
by which the efferent arteriole maintains GFR. This is a very 
dramatic in vivo demonstration of the maintenance of GFR in 
patients with renovascular hypertension through the renin- 
angiotensin system and its blockade with ACE inhibition. 

Besides the radioisotope renogram, numerous other tests 
have become available over the years in general imaging and 
methods of analysis. Grunwald'' reported in 1983 that there 
is a significant prolongation in parenchymal transit time in 
renovascular hypertension. However, there is a very large 
overlap between values in patients who have normal renal 
function, essential hypertension and renovascular hyperten- 
sion. A consensus committee of the Society of Nuclear 
Medicine is currently working on the development of criteria 
for using parenchymal transit time in renovascular hyperten- 
sion in an effort to determine its proper use. In our institution, 
a recent analysis of transit time failed to reveal any advantage 
over qualitative analysis of the renogram.'? 

Some new approaches are potentially available. It has been 
demonstrated at Hotel Dieu that labelled atrial natriuretic 
factor can be shown to concentrate in the monkey kidney. 
This test, for some reason, although described many years 
ago, has failed to reach clinical significance in spite of its poten- 
tial value in determining changes in atrial natriuretic factor in 
hypertensive patients.'° Clorius has reported changes in 
renography associated with exercise for several years but his 
reports have not been corroborated by other investigators 
except for a small study from Einstein.'”!® 

Among the new entities that have been introduced are 
electron beam computed tomography (EBCT), which 
although still experimental, provides very exciting data. These 


Algorithm for the diagnosis of RVH 


Magnetic resonance angiography 
Spiral computed tomography 


M N 


Positive Negative 
Captopril 
Renography 
Positive Negative Medical Tt 
Surgical Tt (Duplex Doppler if MRA, SCT contraindicated) 


Figure 14.2 The proposed algorithm for the diagnosis of 
renovascular hypertension aims to diagnose renal artery 
stenosis in the first step. However, the major question to be 
resolved at this time is whether captopril renography should 
be the initial screening test because of its cost efficacy as 
shown in reference 22 or whether it is more reasonable to 
initiate diagnosis by first showing whether or not the patient 
has a renal artery stenosis. It is important to keep in mind that 
regardless of whether or not renal artery stenosis is present, 
there is a continuing need for a physiologic test such as 
captopril renography to demonstrate the functional 
significance of that stenosis. 


data are discussed in detail in Chapter |7. It is possible to 
generate a time—activity curve for transit using EBCT. This 
curve is similar to the renogram transit curve. Advantages of 
the radiographic techniques include their potential to evaluate 
global kidney, cortical and medullary blood flow'* and even to 
discriminate changes in the concentration of contrast media 
as it transits through the kidney." However, it should be 
noted that there are disadvantages associated with these 
techniques as well. These include the partial volume effect of 
contrast and a radiation dose with EBCT that is about 0.1 Sv/s 
(10 rads/s) or 0.01 Sv/scan (| rad/scan). Contrast also causes 
a diuretic effect and tubular expansion. Associated with this is 
an increase in renal size. Vasodilatation followed by vasocon- 
striction may modify the results. These problems are being 
addressed by the investigators and moving it rapidly toward 
the potential for clinical utilization. The current state-of-the- 
art can be found in Chapter | 7. In addition, MR contrast also 
can be used to generate a time—activity curve that can be 
analysed much like the transit time curves for the renogram. ? 
(See Chapter | 8.) 

Another source for future investigation of renovascular 
hypertension is the role of positron emission tomography. 
This is purely experimental at this time, and is discussed in 
detail in Chapter 19. Although it is possible that the complex- 
ity and the high cost of PET for investigation of the kidney may 
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prevent its ultimate clinical application, PET remains one of 
the few areas in which a significant amount of truly innovative 
research on kidney function with radioisotopes has been 
conducted during the past 4 or 5 years. 
Finally, in closing these introductory statements, it may be 
appropriate to introduce a new algorithm for the diagnosis of 
renovascular hypertension (Figure 14.2) that may provide a 
template for future diagnostic approaches. 
It is my belief that although a great deal of progress has been 
made in competitive imaging modalities, there still remains a 
very important role for captopril renography in the diagnosis 
of renovascular hypertension. It is possible that magnetic 
resonance angiography may become the initial screening 
procedure followed by captopril renography only in patients in 
whom there is a known stenosis. Dr Taylor in Chapter 16 
discusses a cost analysis which perhaps puts this in dispute. An 
earlier cost analysis by our group had similar conclusions. |’ 
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15 Radiological modalities in 
renovascular disease 


Nicolas Grenier 


Introduction 


Renovascular disease (RVD) is a complex entity associating 
atherosclerotic arterial lesions, renal disease and hyper- 
tension leading to high renal and cardiovascular risks. The 
relationships between renal artery stenosis (RAS), hyperten- 
sion and renal function are variable from patient to patient 
and difficult to assess, but their severity and their association 
increase the patient's risks. !' 

As the cardiovascular risk mainly depends on the degree of 
hypertension, improving the blood pressure control has been 
a major task. Today, we know that medical treatment can 
achieve this control without renal revascularization in many 
cases.’ Therefore, the management of the patients does not 
always require, as before, an early diagnosis of RAS, even if 
recent improvements of radiological techniques allow an 
accurate diagnosis of RAS noninvasively. 

Characterization of the so-called ‘atherosclerotic 
nephropathy’ remains difficult and controversial. It is an 
important cause of end-stage renal failure (ESRF) causing up 
to 14% of ESRF over the age of 50 years.’ There are several 
arguments in favour of nonischaemic factors responsible 
for atherosclerotic nephropathy:? (1) presence of athero- 
embolic disease and focal segmental glomerulosclerosis at 
histology; (2) a very variable functional response to revascu- 
arization, with evolutive processes independent of a reduc- 
tion of renal blood flow; (3) the possible observation of 
either patients with two equally sized kidneys, unilateral RAS 
and impaired renal function, or patients with severe bilateral 
RAS and relatively preserved renal function. Atherosclerotic 
nephropathy is a consequence of the association of multiple 
factors: decrease of renal blood flow (secondary to bilateral 
RAS or to unilateral stenosis plus contralateral occlusion or to 
unilateral stenosis on a solitary kidney), intrarenal atheroscle- 
rotic arterial disease, atheroembolism, diabetes, increased 
oxidative stress, medullary hypoxia, endothelial dysfunction, 
inflammatory response, proteinuria, etc. This multiplicity of 
causal factors explains the great heterogeneity of renal 
damage. 

The radiological imaging techniques available today have to 
reach four objectives: 


e to detect and characterize the RAS in terms of anatomi- 
cal and haemodynamical severity; 

e to assess the anatomical consequences of the RAS on 
the artery itself and on the renal parenchyma; 

e to assess the functional and cellular consequences of the 
RAS on the kidney; 

e — identify criteria of associated renal impairment related to 
RVD. 


Radiological detection of RAS 


Stenoses which reduce the internal diameter by >60% 
produce a significant decrease in renal blood flow. They can 
be atheromatous (60% of cases) or dysplastic (fibromuscular 
dysplasia, 35% of cases),* ostial or not, and be located on 
main, accessory or segmental arteries. Although most of 
these imaging techniques provide good sensitivity and speci- 
fictty for diagnosing anatomical RAS, they do not provide 
information about the relationship between the stenosis 
(even if haemodynamically significant) and hypertension. 
These techniques are: Doppler ultrasound (US), helical 
computerized tomographic angiography (CTA), magnetic 
resonance angiography (MRA) and intra-arterial (IA) digital 
subtraction angiography (DSA). Intravenous (IV) urography 
and IV DSA are no longer recommended. 


IADSA 


IADSA is considered to be the gold standard for diagnosing 
RAS,” but is limited to confirming stenosis; it can be followed 
by a transluminal angioplasty during the same procedure. 
Injection of contrast medium within the aorta is recom- 
mended with small catheters (4-5 French) positioned at the 
level of the renal arteries, to avoid superimposition with the 
coeliac trunk and superior mesenteric artery. Both posterior 
oblique and posteroanterior views must be obtained to avoid 
missed short ostial stenoses, because these stenoses may 
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originate anteriorly or posteriorly from the aortic wall, as 
shown by two recent CTA-anatomical studies.°” Selective 
injection in each renal artery is also necessary if a distal steno- 
sis is suspected (e.g. in young patients with fibromuscular 
dysplasia). If carried out properly, IADSA provides excellent 
resolution to show the presence, degree, nature and extent 
of stenosis. However, it has major drawbacks, e.g. invasive- 
ness and cost, justifying the use of other techniques for selec- 
tion of patients. 


Doppler US 


With the advent of colour encoding of the Doppler signal, US 
has gained a major place in the detection of renal artery 
stenosis. To be of diagnostic use, a complete examination 
must be undertaken, including B-mode, spectral sampling and 
colour imaging. The examination should include the 
measurement of both kidneys; spectral sampling of several 
interlobar or segmental arteries of each kidney (at lower and 
upper poles); and spectral sampling of both renal arteries, 
using colour guidance for angle correction, for velocity profile 
assessment and peak systolic velocity measurement. This can 
provide a diagnosis of RAS based on morphological (colour 
changes in the renal artery) and functional criteria (spectral 
broadening, velocity increase and distal demodulation). 


Proximal criteria 


The stenosis may be seen on colour-flow images with focal 
changes of colour (Figures 15.1A and 15.2A) and/or a 
perivascular artifact which are related to acceleration and 
turbulence, respectively. However, the criteria of haemody- 
namically significant stenosis are essentially based on spectral 
sampling. At the site of stenosis, there may be spectral broad- 
ening and increased velocity (Figures 15.1B and 15.28). 
Because the former is difficult to quantify, only the latter is 
used to separate significant from insignificant stenoses. The 
main proximal criteria used are: first, a reno-aortic velocity 


Figure 15.1 
renal artery. A: On the colour flow sonography, acceleration 
of flow and poststenotic turbulences produce a change of 
colour on the retrocaval segment of the trunk of renal artery. 
B: Spectral sampling along renal artery shows progressive 
spectral broadening and acceleration of flow, with a high 
peak systolic velocity above 4 m/s at the site of stenosis. 


Fibromuscular dysplasia with stenosis of the right 


ratio (RAR) higher than 3.5 for a 60% stenosis;*” second, a 
peak systolic velocity, at the site of stenosis, with an upper 
limit of either 150 cm/s for a 50% stenosis!” or 180 cm/s for 
a 60% stenosis.'''* This discrepancy is fairly negligible 


Table 15.1 Performance of Doppler US versus angiography for diagnosis of RAS based on proximal criteria 
Arteries (n) Failures (%) Stenosis (%) Criteria Sensitivity (%) Specificity (%) 
Olin, 1995'° 102 - 60 200 cm/s 98 98 
Miralles, 1996'4 78 = 60 200 cm/s 89 91 
Claudon, 2000'ë 198 35 50 140-200 cm/s 80 84 
Hua, 2000'¢ 58 = 60 200 cm/s 91 75 
Motew, 20007 41 - 60 200 cm/s 91 96 
de Cobelli, 2000'° 45 = 50 200 cm/s 79 93 
de Haan, 2002'° 78% 7 50 180 cm/s 50 91 
Napoli, 20027° 84 a 60 160 cm/s 93 92 
Conkbayir, 2003% 50 (0) 60 180 cm/s 92 88 
Nchimi, 200372 91 8.7 60 180 cm/s 91 97 


cc. = 0.63m/s* 
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the sensitivity and s 


15.1). In the 


arteries ™™ 


considering the di 
stenoses, even at angiography. Using such proximal criteria, 


imaging, two studi 
probably due to difficulty in obtaining a signal in the renal 
with suboptimal US systems. 

The percentages of technical success are highly variable in 
the literature, ranging from 58%% to 90%.'* This probably 


Figure 15.2 Atherosclerotic stenosis of the right renal artery. 
A: Colour flow sonography, shows typical colour changes at 
the ostium of right renal artery, extending in the postostial 
segment. B: Spectral sampling at the site of stenosis shows 
acceleration of flow and spectral broadening. C: Intrarenal 
sampling of interlobar arteries shows a decrease of systolic 
acceleration with an increase of ascension time (0.173 s) 


fficulty of separating 50% from 60% 


pecificity of the technique, compared with 


angiography, are 89-98% and 90-98%, respectively (Table 


early experience with colour Doppler 
es reported 0% sensitivity, which was 


of contrast agents 
failure rate. 


0.109m/s 


0.173s 


346bpm_ 


depends on the experience of the operators and on the type 
of system used. Although multiple renal arteries can be 
detected (Figure 15.3), in all series detection of small acces- 
sory arteries was reported as very low. The improved sensi- 
tivity in depth of the new generation of US systems, a wider 
use of lateral approaches during examination and wider use 


(see below) will probably decrease this 


Intrarenal spectral changes 


Because of the difficulties in detecting renal arteries, several 
authors have proposed sampling intrarenal vessels to detect 
altered spectral waveforms distally to RAS.*°° Severe 


Figure 15.3 Multiple right renal arteries with colour flow 
sonography. Right coronal section shows three right renal 
arteries emerging from the aorta. 
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Table 15.2 Performance of Doppler US versus angiography for diagnosis of RAS based on intrarenal distal criteria 


(n) Stenosis (%) Criteria Sensitivity (%) Specificity (%) 
Stavros, 1992 56 60 AT 78 94 
60 ESP 95 97 
60 Acc 89 83 
Kliewer, 1993°° 46 50 AT 82 20 
80 AT 100 23 
50 Acc 7\ 48 
80 Acc 87 48 
Schwerk, 19947? 50 RI 82 92 
60 RI 100 94 
Halpern, 199578 50 Acc 76 95 
Strunk, 1995? 50 AT 90 85 
Baxter, 1996% 70 AT 89 97 
Lucas, 1996" 60 ARI-Acc 68 91 
Postma, 1996°° 50 ESP 63 86 
Oliva, 1998% 50 AT 81 98 
Motew, 2000'” 60 AT 32 100 
Conkbayir, 20037! 60 AT 48 93 


ESP: early systolic peak; A: acceleration > 3 m/s?; AT: acceleration time > 0,07 s; ARI: resistive index difference >0.05. 


stenoses which decrease the diameter by > 75% produce a 
tardus—parvus phenomenon in the distal intrarenal vessels, 
with a slowed systolic acceleration and a decreased resistive 
index (Figure 15.2C).*' The problems with this approach are 
that stenoses of 50-75% are not detected. There are many 
distal criteria proposed in the literature: loss of early systolic 
peak; acceleration (ascending slope of the systolic peak) 
ower than 3 m/s: acceleration index >4, acceleration time 
of systolic peak >0.07 s; a difference between kidneys in 
resistive index of >5% or in pulsatility index of >0.12. The 
performances of these correlative studies with angiography 
re confusing because of the variability in criteria and in corre- 
ponding degree of stenosis (Table | 5.2).!72!78:7730°6 The 
rawbacks of this transrenal approach are that unsatisfactory 
esults have also been reported with these various crite- 
ia,°°°’ interobserver and intraobserver variability is high”? 


aun p 


3. 


a 
and intra-arterial Doppler US does not confirm any correla- 
tion between distal indices and RAS.* Indeed, the factors 
responsible for changes in the distal waveforms are complex 
and are probably more dependent on changes of compliance 
than on pressure decrease.*°*! Therefore, these criteria are 
used only when obvious on spectral traces, to quantify the 
stenosis as severe (>75%) or to identify a downstream 
pattern of a stenosis on a segmental or an accessory artery 
that has been missed proximally. 


US contrast agents 


The development of echo-enhancing agents which affect the 
Doppler signal has increased the sensitivity of detection of 
flow when it is too slow or too deep (Figure |5.4).** A multi- 


centre study performed with the first commercialized agent 
(Levovist, Schering®, made of microbubbles of air stabilized 
with galactose and palmitic acid) showed that the feasibility of 
the US examination was increased, mainly in patients with a 
high body mass index and in patients with decreased renal 
function, but neither sensitivity nor specificity were signifi- 
cantly improved.'” The development of new agents with a 
stronger and a longer effect in time, together with the 
improvement in techniques of insonation (e.g. harmonic 
mode or pulse inversion*’) will probably improve these 
results further. However, the easy access to CTA or MRA 
currently makes the use of US contrast agents quite unusual 
in clinical practice. 


Doppler with captopril 


To overcome the lack of sensitivity of distal criteria for detect- 
ing proximal RAS, the administration of captopril has been 
proposed,** as ‘stress test’: captopril produces a vasodilata- 
tion and, when a proximal stenosis is present, increases the 
pulsus—tardus phenomenon, giving complete sensitivity and 
specificity for diagnosis of 50% RAS. However, currently it 
seems more reasonable to seek proximal features of RAS, 
using contrast agents if necessary, than to give captopril to 
worsen indirect features. 

In summary, US has gained a major place in the detection 
of RAS because of its advantages of wide availability, low cost, 
absence of ionizing radiation and lack of harmful effect on 
renal function. Proximal criteria for diagnosis of RAS are more 
accurate than intrarenal criteria, as shown by Conkbavir et 
al?! who demonstrated that the area under the ROC curve 
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Figure 15.4 Effect of US contrast agents. A,B: Before injection, the colour flow image does not show the proximal portion of the 
renal artery (A) and the intensity of spectral waveform is insufficient for diagnosis (B). C,D: After injection of Levovist, the 
acceleration of flow becomes visible in the proximal portion of the artery (C) and the spectrum displays typical features of 
stenosis (D). 
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Table 15.3 Performance of single-slice CT angiography for diagnosis of RAS 


Patients (n) Stenosis (%) Rendering technique Sensitivity (%) Specificity (%) 

Rubin, 1994% 31 70 MIP 92 83 

SSD 59 82 
Bérégi, 1996%° 50 50 MIP + SSD 88 98 
Kaatee, 19975 71 50 MIP 96 96 
Johnson, 199948 25 50 MIP 94 87 

VR 89 99 
Wittenberg, 1999°! 82 50 MIP 96 99 


MIP: maximum intensity projection; SSD: shaded surface display; VR: volume rendering. 


was greater with the former. However, US has some 
drawbacks, particularly the possibility of technical failures (the 
technique is quite difficult and has to be carried out perfectly) 
and a low detection rate of accessory arteries. 


CT angiography 


With single-ring CT scanners, optimisation of protocols has 
ed to improvements in the evaluation of renal arteries® with 
the possibility to cover the entire aorta with 3 mm collination. 

With single-ring CT scanners, optimization of protocols has 
ed to improvements in the evaluation of renal arteries.” With 
new X-ray tubes capable of greater heat dissipation, it is now 
possible to cover the entire aorta with 3 mm collimation. For 
renal artery studies, a 30-second bolus in an antecubital vein is 
necessary (between 90 ml of contrast material at 3 ml/s and 
150 ml at 5 ml/s, depending on the body weight). The delay 
time between infusion and acquisition ranges from |2 to 25 
seconds but automatic control of arrival of the bolus increases 
the reproducibility of the technique. For image display, 
Galanski et al*® reported that axial sections and multiplanar 
reformatted images were superior to 3D-shaded surface 
display (SSD) or maximum intensity projection (MIP) 
algorithm, and Rubin et alf” showed that MIP projections 
provided better sensitivity (92%) than SSD (59%). However, 
Johnson et alf? reported that the volume rendering technique 
provided a better specificity (99%) than MIP (879%). Ifthe SSD 
technique is excluded, the performance of CT angiography in 
detecting significant stenoses is good with high sensitivity 
(between 88% and 96%), high specificity (between 83% and 
99%) (Table | 5.3)‘ and close correlation with angiography 
for grading stenoses.** The detection of accessory arteries is 
much better than with Doppler US (average 90%). CT also 
shows the exact nature of stenoses, e.g. ostial, truncal or 
pseudotruncal,? and the degree of calcification of lesions 
before endovascular treatment. Fibromuscular dysplasia 
stenoses, which are more distal than atherosclerotic stenoses, 
can also be better characterized using MIP.” 

With multislice CT, allowing between four and 64 slices 
per rotation, the axial resolution could be improved forward 


with | mm slice thickness (Figure 15.5). Compared with 
single ring CT, the amount of iodinated contrast agent can be 
reduced. Because of a better spatial resolution, separation of 
calcification and true lumen is more accurate’? and distal 
lesions, as fibromuscular dysplasia, are better delineated 
(Figure 15.6). Preliminary results of this technique show 


B 


Figure 15.5 Ostial stenosis of the right renal artery shown by 
contrast-enhanced CT angiography on coronal (A) and axial 
(B) projections (MIP). 


Figure 15.6 Bilateral fibromuscular dysplasia of renal arteries 
imaged with a 16-ring contrast-enhanced spiral CT 
angiography on coronal (A) and axial (B) projections (MIP) with 
DSA correlation (C). 


extremely encouraging results but comparative studies with 
angiography are still not available. 

The drawbacks of CT angiography are principally the ioniz- 
ing radiations and the need to inject large doses of iodinated 
contrast media, which can be a problem in patients with 
impaired renal function. 
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MR angiography 


MR angiography has now moved from flow-enhanced 
(time-of-flight or phase-contrast) sequences to T | -weighted 
contrast-enhanced acquisitions. With time-of-flight or phase- 
contrast techniques, MR angiography shows the proximal 
portion of the renal arteries. Several improvements, e.g. 3D- 
TONE acquisition, have been necessary to decrease satura- 
tion effects and venous overlap. Under the best conditions, 
only half of the accessory arteries are depicted. Sensitivity and 
specificity for diagnosis of significant stenosis were between 
53% and 100% and between 65% and 97%, respectively, 
depending on the technique used (Table 15.4).°°° This 
technique has many drawbacks: only the proximal portion 
(3-3.5 mm) of the renal arteries is visualized because of 
respiratory movements; only a short segment of the aorta is 
enhanced because of the saturation effect with time of flight; 
distal, segmental and accessory artery stenoses are generally 
not detected; and because of turbulence, stenoses (which are 
seen as signal loss on MIP images) are often overgraded. 
Therefore, with the development of new MR systems with 
stronger and faster gradients, flow-enhanced sequences have 
largely been replaced with more reproducible Gd-enhanced 
sequences. With T|-weighted contrast-enhanced acquisi- 
tions, most of the problems are overcome. The vascular 
contrast is greatly increased by contrast media injected intra- 
venously as a bolus. Images are acquired during one breath- 
hold with a 3D T|-weighted sequence when the contrast is 
maximum in the aorta (like CT angiography).°° New devel- 
opments, such as fluoroscopic guidance of arrival of the bolus 
in the aorta, improve the reproducibility of the technique 
(Figure 15.7).°” Its performance is excellent with sensitivity 
and specificity for diagnosis of significant stenosis between 
88% and 100% and between 71% and 99%, respectively 
(Table 15.5).°°° This technique shows the entire course of 


Table 15.4 Performance of flow-enhanced MR 
angiography 


Patients Technique Sensitivity Specificity 


(n) (%) (%) 

Debatin, 19915 33 TOF 53 97 
PC 80 91 

Richter, 19935 23 PC 100 80 
Loubeyre, 199558 46 PC 100 65 
Fellner, 19955? 46 TOF 100 89 
Borrello, 1995°° 15 TOF 94 94 
Gedroyc, 1995°' 60 PC 84 91 
De Cobelli, 1996° 50 PC 90 99 
De Haan, 1996 38 PC 93 95 
Loubeyre, 1996% 53 TOF 100 76 
Wasser, 1997° 16 PC 92 75 


PC: phase contrast; TOF: time-of-flight. 
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Table 15.5 Performance of gadolinium-enhanced MR angiography 


Patients (n) Renal artery (stenosis/fotal) Sensitivity (%) Specificity (%) 
Snidow, 1996°° 32 5/60 100 89 
Rieumont, 1997°? 30 42/71 100 71 
Hany, 19977° 39 24/88 93 98 
De Cobelli, 19977 55 29/105 94 96 
Tello, 1998” 20 13/51 100 98 
Bakker, 19987° 44 40/121 97 92 
Thornton, 199974 62 25/138 88 98 
Völk, 200075 40 21/78 92.9 83.4 
Korst, 20017¢ 38 26/92 100 85 
Fain, 200177 25 28/55 97 92 
Wilman, 200378 46 73/736 segments 93 99 


Figure 15.7 3D Gd-enhanced MR angiography of the 
abdominal aorta with coronal (A) and axial (B) projections 
(MIP), showing bilateral atherosclerotic postostial stenoses of 
renal arteries, insignificant on the right and high grade on the 
left. 


renal arteries up to the renal sinus in most cases, and the 
complete abdominal aorta including its bifurcation. Most 
accessory arteries are therefore shown. The evaluation of the 
degree of stenosis with this method has the same interob- 
server variability as conventional angiography.” 

Several improvements are now available. A shorter acquisi- 
tion time makes it possible to perform a multiphasic angiogram 
at different phases of vascular filling, as with conventional 


Figure 15.8 3D Gd-enhanced MR angiography of the 
abdominal aorta with coronal projection (MIP), showing 
bilateral truncal stenoses of renal arteries related to 
fibromuscular dysplasia. 


angiography.®®! Also, development of parallel acquisition 
techniques allows improvement of the spatial resolution 
without increasing the acquisition time and yielding an 
isotropic resolution of | mm’? in a single breath-hold. Such a 
resolution is responsible for an improved grading of stenoses, 
mainly on the distal part of the trunk for fibromuscular dyspla- 
sia (Figure 15.8), and a better detection of accessory arteries. 

A recent meta-analysis, from 25 studies, meeting the inclu- 
sion criteria, showed that sensitivity and specificity were 
better for Gd-enhanced MRA (97% (95% Cl: 93-98%) and 
93% (95% Cl: 91-95%), respectively) than for flow- 
enhanced MRA (94% (95% Cl: 90-97%) and 85% (95% 
Cl: 82-87%), respectively); accessory renal arteries were 
depicted better by Gd-enhanced MRA (82% (95% 
Cl: 75-87%) than for flow-enhanced MRA (49% (95% 
Cl: 42-60%). 


Comparison of techniques 


Comparison of performance of these noninvasive tests is diffi- 
cult. A recent meta-analysis” tried to compare the validity of 
CTA, MRA and US for diagnosis of RAS in patients suspected 
of having RVH. Receiver-operating characteristic (ROC) 
curves found that CTA and Gd-enhanced 3D MRA 
performed significantly better than the other diagnostic tests 
and seemed to be preferred in patients referred for evalua- 
tion of RVH. However, because few studies of these tests 
have been published, further research is recommended. 


Anatomical and 
haemodynamic 
consequences of RAS 


Detection of a RAS requires further evaluation of the severity 
of narrowing and its consequences on renal flow, on renal 
artery, on renal parenchyma and on renal function, in order 
to improve the interobserver variability and to define predic- 
tive factors of improvement after revascularization. 


Vascular anatomy 


When the stenosis is severe, a poststenotic dilatation occurs, 
as a ‘jet-lesion’. This dilatation can be used as a criterion of 
significant artery stenosis. This morphological change can be 
assessed with CTA and MRA but not with US. However, this 
criterion is difficult to quantify; no significant threshold has 
been defined, even if a 20% dilatation is widely used; it has 
never been evaluated to our knowledge. 


Renal anatomy 


When the renal blood flow is significantly decreased, the 
renal parenchyma shrinks. Several parameters have been 
proposed to evaluate this effect: 


e Measurement of renal length: renal length can be 
measured with any technique: with US, the right renal 
length is between 98 and 122 mm (median 109 mm) 
and the left renal length between 10! and 123 mm 
(median | 12 mm).®* To be significant, a length difference 
of | cm should be considered, attesting to a haemody- 
namically significant stenosis.®° If the renal length is less 
than 8 cm, revascularization is contraindicated because it 
is less likely to get benefit out of it. 
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Figure 15.9 Contrast-enhanced CT of the kidneys showing a 
cortical atrophy on the left side in a patient presenting with a 
severe left renal artery stenosis. 


e Measurement of renal parenchyma thickness is more diffi- 
cult because it requires several measurements (upper, 
mid- and lower poles) due to the irregular inner surface 
of the renal parenchyma. A thickness of 2-2.5 cm is 
considered as normal.® This parameter, to our knowl- 
edge, has never been evaluated in RAS. However, there 
is a good linear correlation between renal length and 
renal parenchymal thickness, obviating the need for such 
a measurement." 

e Measurement of renal volume: this requires either using 
the ellipsoid formula?” or developing a postprocessing 
software to segment the renal parenchyma from a 3D 
data set,” excluding the fat of renal sinus. None of these 
has been evaluated in RAS. 

e Measurement of cortical thickness and cortical area: 
Mounier-Vehier et al?” showed that a threshold of 8 mm 
for cortical thickness and of 800 mm? for cortical area 
allowed control kidneys to be distinguished from 
poststenotic kidneys, whereas renal length was still within 
normal range, suggesting that cortical parameters are 
more sensitive for early diagnosis of atherosclerotic renal 
disease than kidney size (Figure 15.9). Cortical atrophy 
seems to be a useful marker for guidance for revascular- 
ization but its prognostic value has still to be evaluated. 


Renal haemodynamics 
Renal arterial flow below the stenosis 


When a significant stenosis occurs (>75% of area narrow- 
ing), flow acceleration is associated with a disturbed or 
destroyed flow profile downstream of the stenosis. Only two 
techniques allow assessment of the intravascular flow profile: 
Doppler US and MR imaging using the cine-phase contrast 
method. 

Diagnosis of RAS with Doppler US is based on the detec- 
tion of spectral broadening on the Doppler waveforms. 
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Figure 15.10 Phase-contrast acquisition on renal arteries in 
a patient with left renal artery stenosis. A: Example of MR 
angiography showing left renal artery stenosis with a small 
kidney. B: The flow velocity-time curves, obtained on each 
renal artery, show a normal curve on the right with early 
systolic peak, and an altered flow within left renal artery 
without early systolic peak. (Courtesy of Dr Stephan 
Schoenberg, Muenchen, Germany.) 


However, no quantification of such a broadening is possible. 
This is the reason why measurement of peak systolic velocity 
is used to separate significant from nonsignificant stenoses. 
With Gd-enhanced MRA, no haemodynamical information 
is available and this separation is based on morphological 
analysis of the artery only (as for CTA). However, by using 3D 
phase contrast sequences, with flow encoding in the three 
directions, signal intensity within the artery becomes sensitive 
to flow velocity. The flow profile alteration is responsible for a 


severe dephasing of MR signal with these sequences. It has 
been shown, in vitro, that the degree of spin dephasing was 
directly correlated with the trans-stenotic pressure gradient 
(Figure 15.10).”° Velocity-time curves can also be obtained: 
the imaging plane has to be perpendicular to the artery for 
accurate measurements of velocity changes during the cardiac 
cycle (results similar to Doppler sampling). A normal veloc- 
itytime curve is characterized by an early systolic peak (ESP), 
a subsequent incision and a lower second midsystolic peak. 
Schoenberg et al!?? showed in animals and patients that 
either a normal curve or partial loss of the ESP were consistent 
with low-grade stenosis; complete loss of the ESP and 
decrease of the midsystolic peak indicated moderate stenosis 
(50%); flattened flow profile with no systolic velocity compo- 
nents was representative of high-grade stenosis.” Using this 
classification, the combined approach of 3D Gd-enhanced 
MRA and phase-contrast flow sequence revealed the best 
interobserver variability and almost perfect intermodality 
agreement with DSA. Administration of angiotensin convert- 
ing enzyme inhibitors does not significantly change the renal 
velocities in renal artery stenoses.” 

This method also allows the measurement of renal blood 
flow in the renal artery below the stenosis as the product of 
the mean velocity within the artery and the cross-sectional 
area of renal artery. Binkert et al% reported a renal flow index 
(renal flow (ml/min) divided by renal volume (cm*)) less than 
1.5 ml/min/cm’ as predictive of successful outcome of revas- 
cularization. 


Intrarenal haemodynamics 


By sampling the distal intrarenal vessels (as segmental or 
interlobar arteries), essentially with Doppler US, two types of 
flow curve changes can be observed: 


Figure 15.11 


Intrarenal colour Doppler examination in a 
patient with severe renal artery stenosis showing an increased 
ascension time (0.17 s) related to stenosis associated with an 
increased resistivity index (0.86). 


e A decreased resistive index (RI, defined as the ratio: 
systolic velocity — diastolic velocity/systolic velocity), 
related to a compensatory vasodilatation because of the 
presence of a severe RAS proximally; usually, this feature 
is associated with an increase in the ascension time (see 
above) because of a slower systolic acceleration. 

e An increased RI, which is not specific but compatible, in 
this context, with the diagnosis of atherosclerotic 
nephropathy (Figure 15.11). The RI increases when 
small intrarenal arteries are diseased, as in chronic 
nephropathies, or constricted or compressed, as in 
acute nephropathies. Therefore, spectral waveforms 
from these vessels can give us information about the 
intensity of renal consequences of RAS. Radermacher et 
al” demonstrated that an increased RI > 0.8 was associ- 
ated with a poor prognosis in patients with RAS shown 
by an absence of improvement of hypertension, renal 
function or kidney survival after revascularization. 
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Renal function 


Glomerular filtration 


Baseline semiquantitative evaluation or quantification of 
glomerular filtration is neither sensitive enough nor specific 
enough to detect a renal dysfunction due to RAS. Blockade of 
the renin-angiotensin system is mandatory for this purpose. 


Capfopril-enhanced filtration studies 


ACE inhibitors, such as captopril, decrease the synthesis of 
angiotensin II, and block its vasoconstrictor-stimulating effect, 
mostly on the efferent arterioles. This block produces a 
decrease in hydrostatic pressure within the glomerulus and a 
decrease in filtration on the side of the stenosis. The principle 
of the test is to image the renal elimination of a tracer before 


Figure 15.12 Dynamic Gd-enhanced MR imaging of the 
kidneys before (A) and after (B) captopril administration in a 
patient with stenosis of the left renal artery (from top-to-bottom 
then left-to-right). A: Before captopril, the tubular phase with a 
low signal intensity within medulla and excretion of contrast 
medium within renal collecting system are symmetrical. 

B: After captopril, the tubular phase is delayed in the left 
kidney compared to the right, but enhances with time, 
extending within the cortex; this effect is related to a severe 
retention of the contrast agent within the entire left kidney 
induced by captopril. C: Positive captopril °"Tc-MAG3 
scintigraphy obtained in the same patient: the baseline study 
shows symmetrical elimination of the tracer (right of the 
image). After captopril (left of the image), there is an 
accumulation of the tracer within the left kidney (red line) 
whereas it remains unchanged in the right (yellow line). 
(Reprinted with permission, from reference 96.) 
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and after administration of captopril to detect captopril- 
induced functional changes. A positive test demonstrates the 
diagnosis of ‘functional stenoses’ producing renovascular 
hypertension. This test has been coupled with scintigraphy 
(see Chapter |6) and, more recently, with dynamic MR. 

Gadolinium chelates behave as glomerular tracers in the 
same manner as iodine contrast media. After infusion of a 
bolus of 0.1 mmol/kg, it is possible to follow the intrarenal 
transit of this chelate with a series of coronal gradient-echo 
images obtained during breath holding (Figure 15.8). This 
transit begins with a vasculo-interstitial phase producing a 
cortical, then a medullary, enhancement of signal intensity 
(T|-shortening effect), a tubular phase characterized by a 
drop of signal intensity (T2-shortening effect) within the 
external medulla that extends centripetally towards the 
papilla, and finally a ductal phase characterized by a late low 
signal intensity within the internal medulla and the renal 
collecting system (Figure 15.12). In RVH, the normal contrast 
inetics is altered by captopril on the side of the stenosis, thus 
inducing a delay or disappearance of the tubular and ductal 
phases or a late T2 effect extending across the whole 
idney.”° In that preliminary study, the MR results were 
concordant with scintigraphy but need to be studied more 
extensively, 


Renal perfusion 


Absolute quantification of parenchymal perfusion can be 
assessed with diffusible (as Gd-chelates)”” or purely intravas- 
cular contrast agents (as iron oxide particles) (see Chapter 
18). A 50% decrease in cortical perfusion (from 
400 ml/min/|00 g to 200 ml/min/100 g) has been observed 
below a tight (80%) stenosis; however, atherosclerotic 
nephropathy, because of its vascular components, can also 
be responsible for a decrease of perfusion to 
180 ml/min/100 g.” Distinction between these two types of 
cortical perfusion changes, and their potential role in progno- 
sis has not yet been demonstrated. 
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hypertension 


Andrew Taylor 


Introduction 


Goldblatt first demonstrated the link between renal artery 
stenosis (RAS) and persistent hypertension in |934.' In this 
experimental work, he showed that hypertension could be 
induced by placement of a clip on the renal artery and he 
subsequently showed that the hypertension would subside 
after the clip was removed. While the presence of such 
curable hypertension has been proven in humans, the cause- 
and-effect relationship between renal artery stenosis and 
hypertension is more complex than originally suspected. 
Renal artery stenosis does not always result in hypertension; 
in fact, it is common in the ageing normotensive population 
and it is far more common than renovascular hypertension 
(RVH), whose classical definition is based on cure or amelio- 
ration of the hypertension after revascularization. Indeed, 
based on autopsy and arteriographic studies, up to 30-50% 
of normotensive patients can have moderate or even severe 
RAS with the prevalence increasing with age.** Moreover, 
RAS is often present as an incidental or secondary finding in 
hypertensive patients and does not represent the aetiology of 
the hypertension.* Consequently, even though renovascular 
disease is the most common cause of secondary hyperten- 
sion,’ it comes as no surprise that revascularization of an 
atherosclerotic renal artery stenosis (the commonest cause of 
renovascular disease) does not always result in amelioration 
or cure of the hypertension. Consequently, the clinical 
question still remains: Which hypertensive patients have a 
renal artery stenosis that, if corrected, will lead to cure or 
amelioration of the hypertension? 

Renovascular hypertension (RVH) occurs in only 0.5-3% 
of the unselected hypertensive population but a careful clini- 
cal screening can significantly increase the prevalence of RVH 
to as high as 5-40%.*°* RAS correction is readily available as 
a result of the widespread use of percutaneous transluminal 
renal angioplasty (PTRA) and stenting, but correction of renal 
artery stenosis in unselected patients will ameliorate blood 
pressure in only 55-80% of hypertensive patients with an 


anatomical renal artery stenosis.>"'° Moreover, angioplasty 
with or without stent placement has a complication rate of 
10-20%; these complications include haematoma, pseudo- 
aneurysm, dissection, thrombosis, bleeding, atheroembolism, 
myocardial infarction, acute renal failure and infection and the 
incidence of a major complication has been reported to be as 
high as 10%.'' This complication rate further underscores the 
need for optimized patient selection before revascularization. 

Angiography is still considered to be the gold standard for 
diagnosing renal artery stenosis but it does not adequately 
assess the functional importance of the stenotic lesion. 
Moreover, angiography may also cause atheromatous 
embolization of the kidneys or renal impairment due to 
contrast nephrotoxicity.'? Spiral computed tomography 
(CTA) and magnetic resonance angiography (MRA) are 
noninvasive imaging techniques that have high sensitivity and 
specificity for detecting renal artery stenosis” '* but these 
techniques are associated with higher costs than scintigraphy 
and spiral CT requires the use of potentially nephrotoxic 
contrast agents. MRA is not suitable for patients with claustro- 
phobia, certain types of metallic implants and is relatively 
expensive. Duplex sonography has achieved excellent results 
in some centres but others have found it to be too time 
consuming, too operator dependent and too unreliable in 
obese individuals to be an efficient tool to screen hyperten- 
sive patients for RVH. 

This introduction underscores the need for diagnostic 
procedures that can accurately select those hypertensive 
patients with RAS most likely to be cured or improved after 
revascularization. Angiotensin converting enzyme (ACE) 
inhibition renography in an appropriately screened hyperten- 
sive patient with preserved renal function can detect reno- 
vascular disease with a sensitivity and specificity in excess of 
90%.'* Several detailed reviews present the radionuclide 
approaches to the evaluation of the patient with suspected 
RVH and discuss the technical features of this diagnostic 
procedure. !™!® The goal of this chapter is not to recapitulate 
those reviews but to address areas of controversy, focus on 
selected issues and suggest directions for future research. 
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Detection of a functionally 
significant renal artery 
stenosis 


A functionally significant RAS decreases the perfusion 
pressure to the afferent arteriole resulting in a decrease in 
GFR and a decrease in sodium delivery to the distal tubule. '® 
The decrease in pressure and reduction in distal tubule 
sodium delivery stimulate the juxtaglomerular apparatus to 
release renin which cleaves angiotensin | from angiotensino- 
gen; angiotensin | is then converted to angiotensin II by 
angiotensin-converting enzyme. Angiotensin Il is a potent 
vasoconstrictor and acts preferentially on the efferent 
glomerular arteriole. Constriction of the efferent arteriole 
raises the transglomerular pressure gradient and can maintain 
GFR even in the face of a moderate reduction in perfusion 
pressure resulting from a functionally significant renal artery 
stenosis. 

ACE inhibitors have two important mechanisms of action. 
(1) ACE inhibitors block the conversion of angiotensin | to 
angiotensin Il and thereby interfere with the angiotensin || 
constriction of the efferent arteriole. The reduction in GFR 
induced by ACE inhibition can be detected by renography. 
For *"Tc-diethyltriaminepenta-acetic acid (DTPA), the 
primary effect is a reduction in renal uptake secondary to 
the reduction in GFR. For tubular secreted tracers such as 
*”"T c-mercaptoacetyltriglycine (MAG3), the primary effect is 
retention of the tracer in the parenchyma due to the reduc- 
tion in GFR and the resulting reduction in primitive urine flow 
in the proximal tubules. (2) ACE inhibitors also inhibit kininase 
ll, a dipeptidylcarboxy-peptidase that inactivates bradykinin; 
bradykinin, a potent vasodilator, accumulates following ACE 
inhibition and causes selective efferent arteriolar dilation. ">! 
The vasodilatory effects of bradykinin on the efferent arteriole 
also contribute to the reduction in GFR and the development 
of an abnormal renogram curve in patients with RVH follow- 
ing ACE inhibition. This second mechanism is probably quite 
important since only 60% of angiotensin II is produced by 
ACE-dependent pathways in the human renal cortex and 
neither acute nor chronic ACE inhibition completely elimi- 
nates angiotensin II from the plasma.’*”? 


Should renovascular 
hypertension be treated 
medically? 


In a recent study of the effect of angioplasty on hypertension 
in atherosclerotic RAS, van Jaarsveld et al. concluded that, 
‘angioplasty has little advantage over anti-hypertensive drug 
therapy’.* In an accompanying editorial, Ritz and Mann 


concluded, ‘We are left with the question of whether renal 
angioplasty should be considered at all for the treatment of 
patients with atherosclerotic renal-artery stenosis. Clearly, 
the screening of all hypertensive patients for atherosclerotic 
renal-artery stenosis is no longer justified’.”° 

If these conclusions are valid, then the use of ACE inhibi- 
tion renography to detect RVH is rarely justified. Similarly, the 
use of other noninvasive tests (CTA, MRA, duplex US) is 
seldom justified and angioplasty with or without stent place- 
ment is rarely appropriate. Since this interpretation is primar- 
ily based on the Scottish, French and Dutch studies,” it is 
useful to re-examine these studies with an emphasis on ACE 
inhibition renography. 


The Scottish study 


The Scottish study identified 135 eligible patients of whom 55 
(44%) were randomized.” Entry criteria included atheroma- 
tous disease, a 50% stenosis in the affected vessel and a serum 
creatinine less or equal to 500 umol/ (5.8 mg/dl). The random- 
ization group included 28 with bilateral disease and 27 with 
unilateral disease. Mean serum creatinine in the six subgroups 
ranged from 138 umol/ (1.6 mg/dl) to 182 umol (2.1 mg/dl). 
These investigators concluded that, compared with medical 
therapy alone, percutaneous renal angioplasty resulted in a 
modest improvement in systolic BP only in patients with bilateral 
disease. Furthermore, ‘No patient was “cured”, renal function 
did not improve and intervention was accompanied by a signifi- 
cant complication rate.’ The authors concluded, ‘Our data 
support the use of angioplasty in hypertensive renovascular 
disease as a reserve procedure for patients whose blood 
pressure cannot be controlled by medical therapy or for those 
whose renal function is deteriorating despite medical therapy 
rather than as a primary form of intervention’.”° 

These data could be interpreted differently. The entry 
criterion of a 50% or greater stenosis undoubtedly allowed 
some patients into the study who did not have a functionally 
significant stenosis and who did not have RVH. Moreover, 
many patients, even with unilateral stenosis, had an elevated 
serum creatinine; these patients, therefore, had bilateral 
renal disease and may well have had hypertension that was 
no longer renin dependent or essential hypertension with 
associated atheromatous renal artery stenosis rather than 
renal artery stenosis causing the hypertension. In conclusion, 
the randomization group almost certainly included a number 
of patients without RVH; consequently, the results were likely 
diluted and the effect of PTCA in RVH could not be appro- 
priately assessed. The authors concluded, ‘The selection of 
patients for intervention will continue to tax the skills of all 
clinicians involved’.”® Perhaps if a distinction had been made 
between patients with and without azotemia (see below) and 
ACE inhibition renography had been used to guide interven- 
tion, the results would have been different (and the skills of 
clinicians not so severely taxed). 
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The French study 


Entry criteria for the French study required a unilateral renal 
artery stenosis > 75% or > 60% if there was a lateralizing 
test (renal scintigraphy, IVP or renal vein renin). In addition 
to unilateral atherosclerotic RAS, the creatinine clearance 
was required to be greater than 0.83 ml/s (50 ml/min).”” A 
total of 49 patients with a mean serum creatinine of 
100 umol/l (1.16 mg/dl) entered the study and were 
randomized to receive angioplasty or medical therapy. At 6 
months, there was no significant difference in the mean 
blood pressures of the medically treated group and the 
angioplasty group. Analysed differently, angioplasty reduced 
by 60% the probability of requiring two or more drugs to 
control blood pressure at 6 months; however, it is important 
to note that the complication rate from angioplasty was 26% 
with one patient having a branch dissection that resulted in 
infarction of 30% of the kidney. The authors did not issue 
general recommendations but stated that the reduction in 
drug therapy resulting from angioplasty should be weighed 
against the risks of complications and restenosis for each 
individual patient. 

The French study made an effort to select patients with 
RVH by selecting patients with unilateral RAS and a tighter 
stenosis than those selected for the Scottish study.”°?” In 
contrast to the Scottish study, angioplasty reduced the likeli- 
hood of requiring two or more drugs to control hypertension 
in patients with unilateral disease and 26% (6/23) of patients 
achieved a normal blood pressure without drugs at the 6 
month follow-up period versus 0% (0/25) in the Scottish 
study.” However, the fact that the entry criteria accepted 
patients with a creatinine clearance as low as 50 ml/min 
indicates that some of the patients in the study had bilateral 
disease and may have had essential hypertension with associ- 
ated renal artery stenosis or nonrenin-dependent hyper- 
tension. Moreover, the authors of the French study also 
concluded, ‘It is difficult to differentiate patients with primary 
hypertension associated with RAS from those having hyper- 
tension secondary to RAS, that is, renovascular hyperten- 
sion.” Nevertheless, the French study shows that as the 
selection criteria for detecting patients with RVH improve, 
the outcome (response to revascularization) also improves. 


The Dutch study 


The Dutch study, as indicated in the title of their paper, ‘The 
effect of balloon angioplasty on hypertension in atheroscle- 
rotic renal-artery stenosis’, only claims to evaluate patients 
with RAS but the results have been interpreted as applying to 
patients with RVH.**” Hypertensive patients were selected 
for the study if the diastolic BP was greater than 95 mmHg 
despite treatment with two antihypertensive drugs or if the 
creatinine increased in patients receiving an ACE inhibitor. In 
addition, at least one renal artery was required to have a 


stenosis of 50% and the patient's serum creatinine had to be 
<200 Umol/ (2.3 mg/dl). Based on the selection criteria, it 
would be expected that a substantial number of patients 
would have essential hypertension with associated RAS and 
not RVH. This interpretation is confirmed by the results of 
renal scintigraphy where one third of patients had a normal 
captopril scan. It is not surprising that these patients would 
not show BP improvement since they were unlikely to have 
RVH. Second, intermediate probability scans were given 
equal treatment as positive scans. Intermediate probability 
scans do not have a high predictive value for angioplasty 
success and combining these scans with high-probability 
scans reduces the specificity.'°''’* In spite of this bias, abnor- 
mal renal scans decreased from 65% in the preangioplasty 
group to 36% at 3 months following angioplasty compared to 
a change of 65% to 70% in the drug therapy group suggest- 
ing that a subset of angioplasty patients may have received 
substantial benefit; it would be interesting to know the BP 
response in this selected group of patients. 


In conclusion, RAS increases in frequency in the ageing 
population? and RAS may occur in the nonhypertensive 
patients or be a nonaetiologic finding in a patient with hyper- 
tension. The clinical question is not whether or not a patient 
has RAS but whether or not the patient has RVH that will 
improve with revascularization. These three major studies 
illustrate the difficulty of selecting hypertensive patients with 
RVH using clinical data and anatomic screening and point to 
the need of a functional test such as ACE inhibition renography 
to determine the physiological significance of the stenosis. 


Factors affecting the 
performance and/or the 
perceived performance of 
ACE inhibition renography 


Several factors affecting the performance and/or the 
perceived performance of ACE inhibition renography need 
to be emphasized. They are listed below and then individu- 
ally addressed. 


|. Use of the anatomic presence of a renal artery stenosis, 
often as low as 50%, as a surrogate for renovascular 
hypertension, 

2. Inconsistent use of recommended criteria for interpret- 
ing ACE inhibition renograms. 

3. Failure to recognize the differences in the performance 
of ACE inhibition in azotemic and nonazotemic popula- 
tions and to distinguish between results obtained in 
these different population. 

4. The ‘intermediate probability’ or indeterminate scan. 

5. Performance of the examination. 


152 Functional Imaging of Nephro-Urology 


Use of the anatomic presence of a 
renal artery stenosis, offen as low 
as 50%, as a surrogate for 
renovascular hypertension 


In the evaluation of ACE inhibition renography, it is essential 
to keep in mind that ACE inhibition renography is a test to 
detect a functionally significant renal artery stenosis, not a 
test to detect the presence of a renal artery stenosis.'*'° 
Nevertheless, as summarized in several reviews, many inves- 
tigators have used the angiographic presence of a renal artery 
stenosis >50% RAS as the gold standard to make the diagno- 
sis of RVH in spite of the fact that many of these stenotic 
lesions will not be haemodynamically significant.”'°7?°° In an 
attempt to circumvent this problem, other investigators have 
used the more stringent standard of >70% stenosis. Not 
surprisingly, however, the sensitivity and specificity of ACEI 
renography is improved when the gold standard is the 
response to revascularization rather than the anatomic 
presence of RAS.*!*? Although consensus panels have 
recommended that the gold standard be response to revas- 
cularization, the presence of RAS continues to be used as a 
gold standard.'*!”?°? In view of the fact that RAS is not 
equivalent to RVH, the failure to use an appropriate gold 
standard adds to the difficulty of objectively appraising the 
literature. 


Inconsistent use of recommended 
criteria for interpreting ACE 
inhibition renograms 


In a recent meta-analysis evaluating the use of ACE inhibition 
renography to detect RVH, Boudewijn et a.l note a wide 
variation in results reported by different centres and attribute 
part of this variability to ‘the lack of standard criteria to define 
a positive test result.2* Although most of the studies in the 
meta-analysis were published prior to 1996,” it is important 
to note that interpretative criteria for ACE inhibition renogra- 
phy have been developed and were published as an inter- 
national consensus report in 1996.'° These consensus RVH 
guidelines and interpretative criteria have been subsequently 
updated by the Society of Nuclear Medicine, published on 
the Society's website!” and are summarized below. While it 
may be possible to improve on these criteria, future studies of 
ACE inhibition for the detection of RVH should include an 
analysis using these criteria to allow better comparisons 
between centres. 


Low probability 


A normal ACE inhibition renogram with normal indices 
(relative function, time to peak height of the renogram curve, 
20 min/max count ratios) or Grade 2 renogram which is 


Counts 


Time (minutes) 


Figure 16.1 Common renogram patterns used for the visual 
interpretation of ACEI renography. Type 0: Normal. Type 1: 
Time to peak (Tma) is > 5 minutes and 20 min/max count 
ratio is > 0.3 for background subtracted OIH and MAG3 
curves. Type 2: There are more exaggerated delays in time to 
peak and in parenchymal washout. Type 3: Progressive 
parenchymal accumulation (no washout detected). Type 4: 
Renal failure pattern, but with measurable renal uptake. Type 
5: Renal failure pattern, representing blood background 
activity only. 


unchanged or improves following ACE inhibition (Figures 
16.1 and 16.2). 


Intermediate (indeterminate) probability 


Small or poorly functioning kidney (kidney with less than 30% 
of the relative function) or kidneys with abnormal baseline 
renograms (Grades 3-5) which are unchanged following 
ACE inhibition (Figures 16.1 and 16.3). 


High probability 


Unilateral deterioration of the renogram curve and/or of the 
relative function following ACE inhibition compared to the 
baseline study (Figure | 6.4). 


Tc-99m DTPA 


The principal diagnostic criterion for the GFR tracer, DTPA, is 
a change in the relative uptake. A reduction in the relative 
uptake greater than 10 percentage points (50/50 to 60/40) 
is a highly significant change and 5—9 percentage points is 
considered to be an intermediate response although studies 
performed under carefully controlled conditions suggest 
that smaller changes in relative uptake may be significant. 
Parenchymal retention following ACE inhibition can also be 
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Figure 16.2 A 53-year-old male with poorly controlled hypertension was referred for ACE inhibition renography. A: The baseline 
study was performed following the intravenous injection of 1.53 mCi (57 MBq). The 2-minute sequential images and whole kidney 
and cortical renogram curves are normal with the time to peak counts less than 5 minutes and the 20 minute to maximum 
count ratio <0.3. The relative uptake was 54% in the right kidney and 46% in the left kidney. The MAG3 clearance (not shown) 
was also normal. B: Following the intravenous administration of 2.5 mg of enalaprilat, the study was repeated with 10.3 mCi 

(381 MBq) of MAG3. The relative uptake and configuration of the renogram curves were essentially unchanged. A normal study 
that remains normal following ACE inhibition is low probability for renovascular hypertension. 
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Figure 16.3 A 73-year-old hypertensive male with biventricular heart failure and an elevated serum creatinine was referred for 
ACE inhibition renography. A: The baseline study was performed following the intravenous injection of 1.54 mCi (57 MBq). The 2- 
minute sequential images and whole kidney and cortical renogram curves show bilateral type 3 rising renogram curves (Figure 
16.1). The relative uptake was 80% in the right kidney and 20% in the left kidney. The MAG3 clearance (not shown) was reduced. 
B: Following the intravenous administration of 2.5 mg of enalaprilat, the study was repeated with 9.81 mCi (363 MBq) of MAGS. 
The relative uptake and configuration of the renogram curves were essentially unchanged. This pattern is an intermediate 
(indeterminate) probability of renovascular hypertension and occurs in as many as 50% of patients with renal failure. 
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Figure 16.4 A 66-year-old hypertensive male with coronary artery disease, peripheral vascular disease and renal insufficiency 
was referred for ACEI renography. A: The patient received 2.2 mCi (81 MBq) of MAG3 and data were acquired for 24 minutes. 
The MAG3 clearance (not shown) was reduced; relative uptake was 65% in the right kidney and 35% in the left kidney. Two 
minute sequential images and the whole kidney and cortical renogram curves show normal time to peak counts and normal 

20 minute to maximum count ratios. B: Following the intravenous administration of 2.5 mg of enalaprilat, the study was repeated 
with 7.2 mCi (252 MBq) of MAG3. The MAG3 clearance and relative uptake were unchanged but the time to peak counts for the 
left kidney has increased to 7.2 minutes and the 20 minute to maximum count ratio has increased to 0.79. The renogram curve 
for the right kidney has become markedly abnormal with a persistent rising renogram curve (Grade 3, Figure 16.1). The unilateral 
pattern shift from Grade 1 to Grade 3 is characteristic of renovascular hypertension and is highly specific even in patients with 


impaired renal function. 
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an important diagnostic finding and can be quantitated by a 
delay in the time to peak or an increase in the 20-30 
min/max ratios although, in general, changes have to be 
much more pronounced than with "Tc MAG3 and I-13| 
or |-|23 orthoiodohippurate (OIH) to be significant due to 
the slower clearance of DTPA compared with the tubular 
agents. 


MAG3/OlH 


An increase in the 20 min/max ratio of 0.15 or greater for 
parenchymal ROIs represents the 90% confidence limit for a 
significant change. A prolongation of the time to peak of |20 
seconds for a cortical ROI is significant at the 90-95% confi- 
dence limit. It is important to note, however, that a change 
from 5 to 7 minutes is much more significant that a change 
from |5 to |7 minutes and, for this reason, consensus panels 
recommend an increase of 2 minutes or 40% of the baseline 
value before the change is considered to be significant. 
Renograms derived from the cortical ROIs (parenchymal ROIs 
that avoid activity in the collecting system) may help avoid 
error or the diagnostic difficulty that can be introduced when 
there is retention of the tracer in the collecting system. A 
change in the relative uptake of MAG3 or OIH by 10 percent- 
age points (50/50 to 40/60) is uncommon even in a patient 
with RVH but it is highly significant when tt occurs. Smaller 
changes may have diagnostic significance but they should be 
accompanied by confirmatory changes in the shape of the 
renogram curve or increases in the Tma or 20-30 min/max 
ratio. In regard to qualitative criteria, most experts accept a 
change in one grade as a positive response (Figure 16. 1). 


Failure to recognize the differences 
in the performance of ACE inhibition 
renography in azotemic and 
nonazotemic populations and to 
distinguish between results obtained 
in these different populations 


Excellent results have been obtained in patients with normal or 
near normal renal function with sensitivities around 90% and 
specificity ranging from 90—|00%,**?>*” Although good results 
have been reported in azotemic patients,** “° most investiga- 
tors have found ACE inhibition renography to be less accurate 
in patients with azotemic renovascular disease. !®!7 1928.163336 
While a positive test result in a patient with azotemia or in a 
patient with a small, poorly functioning kidney indicates a high 
ikelihood that the hypertension will be ameliorated by revas- 
cularization, as many as 50% of patients in this population may 
have an intermediate probability test result.® In a recent 
prospective study using simultaneous DTPA and OIH renogra- 
phy in 60 patients with a high prevalence of a renal artery 
stenosis greater than 50%, Blaufox et al observed that about 


50% of baseline renograms were abnormal and were 
unchanged after ACEI challenge (i.e., nondiagnostic or inter- 
mediate probability). Twenty-seven of these 29 nondiagnos- 
tic tests were associated with a GFR lower than 50 ml/min (n 
= |7), one small kidney (n = 17) and/or bilateral RAS (n = 
16). The authors concluded that, in the azotemic population, a 
high probability scan indicates that hypertension is very likely to 
improve after revascularization. However, the sensitivity of 
ACE inhibition renography is diminished to about 80% in the 
azotemic population even when nondiagnostic/intermediate 
probability scans are combined with high probability scans. 
False negative results appear to be more likely in azotemic 
patients with bilateral disease, probably due to suppression of 
the renin-angiotensin system. '°?°*! 


The ‘intermediate probability’ or 
indeterminate scan 


The recommendation that the studies be interpreted as high, 
intermediate and low probability for renovascular disease has 
resulted in a problem in reporting sensitivities and specificities 
determined from a 2 x 2 table. Intermediate probability scans 
have to be reclassified to be incorporated into a binary 
scoring system since an intermediate or indeterminate result 
is neither positive nor negative. If intermediate probability 
results are included with the positive studies, sensitivity will be 
increased at the expense of specificity; if intermediate proba- 
bility studies are considered negative, specificity will be 
improved at the expense of sensitivity. Alternatively, interme- 
diate probability studies can simply be counted as incorrect or 
they can be omitted from the data analysis. The reported 
values for sensitivity and specificity will vary depending on the 
frequency of intermediate probability studies in the study 
population and how these results are handled in the data 
analysis. As emphasized above, intermediate probability scans 
are uncommon in patients with normal or near normal renal 
function but they occur in patients with a unilateral small 
kidney and/or azotemia.'778?> 


Performance of the examination 


Recommended protocols for performance of ACE inhibition 
renography as well as recommended methods for calculating 
the quantitative variables have been well described!”'**? but 
several points should be emphasized. 


Blood pressure must be monitored 


Asymptomatic hypotension secondary to ACE inhibition can 
result in bilateral symmetrical abnormalities in the renogram 
curves (Figure 16.5). This phenomenon is relatively 
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Figure 16.5 A middle-age male with refractory hypertension was referred for ACE inhibition renography. A: Sequential 2-minute 
images and whole-kidney renogram curves were obtained following a baseline injection of approximately 1.0 (37 MBq) of MAGS. 
B: The patient received 50 mg of captopril and 10 mCi (370 MBq) were injected an hour later. The 2-minute images demonstrate 
parenchymal retention with bilateral rising whole-kidney renogram curves. Usually, renovascular hypertension produces 
asymmetrical abnormalities. On further review, the patients precaptopril blood pressure was 165/71 but it fell to 102/41 during the 
study even though the patient remained asymptomatic. C: Several days later the study was repeated with 50 mg of captopril 
and intravenous hydration to maintain blood pressure. The 2-minute sequential images and renogram curves are normal. Bilateral 
symmetrical abnormalities following ACE inhibition are a nonspecific finding and are often due to volume depletion and 
hypotension.“ 
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uncommon but may occur in as many as 3% of patients 
referred for ACEI renography, usually in patients who are 
volume or salt depleted.} ACE inhibitors can also cause a 
major hypotensive episode, although the prevalence appears 
to be quite low in a well-hydrated patient. Some centres 
establish an intravenous line before scintigraphy; this precau- 
tion is important for high-risk patients, who include patients 
with angina, recent myocardial infarction, a history of 
transient ischaemic attacks, recent stroke and patients receiv- 
ing enalaprilat or furosemide. 


ACE inhibitors and angiotensin II 
receptor blockers (ARBs) 


The majority of ACE inhibition studies have been performed 
with captopril but enalaprilat is an acceptable alternative. "7+ 
Limited data suggest that chronic ACE inhibition may reduce the 
sensitivity of the test*’*° and the consensus recommendation is 
to discontinue captopril for 4 days prior to the study and discon- 
tinue the longer half-life ACE inhibitors for 7 days.'’ Because 
ARBs also block the vasoconstrictive effect of angiotensin II on 
the efferent vessels in patients with RVH, it was thought that the 
sensitivity of the ACE inhibition renography might be reduced in 
patients receiving angiotensin receptor blockers but it is proba- 
bly not necessary to discontinue this class of drugs. Captopril 
renograms were obtained in 26 patients with normal or near 
normal renal function who were receiving angiotensin Il recep- 
tor blockers; in this patient population, the sensitivity of ACE 
inhibition renography for renovascular hypertension was 92% 
and specificity was 100%, values comparable to those obtained 
in patients not taking angiotensin Il receptor blockers.” Finally, a 
recent study showed that ARB renography is considerably less 
sensitive than captopril renography for detecting RAS in hyper- 
tensive patients or for detecting RVH.” The superiority of ACE 
inhibitors over the ARBs in detecting renovascular hypertension 
probably derives from the action of ACE inhibitors on kininase Il 
(see above). 


Sensitivity/specificity of ACE 
inhibition renography and 
diagnostic strategy 


ACE inhibition renography has recently been criticized for 
having sensitivities and specificities that are too low compared 
to other diagnostic options;?** however, the study by Huot 
et al and the meta-analysis of Boudewijn et al base their 
conclusions on data using RAS, not RVH, as the end point.” 
In spite of the problems of inconsistent interpretative criteria 
and the problem of the indeterminate scan, ACE inhibition 
renography has performed reasonably well even when the gold 
standard is RAS. Most of the studies evaluating the perfor- 


mance of ACE inhibition renography in either the detection of 
RAS and/or RVH (i.e., prediction of blood pressure outcome 
after revascularization) have been summarized in compre- 
hensive reviews.”!7'°?7°° In a recent review of 12 studies 
including 229 | hypertensive patients, the overall mean sensi- 
tivity and specificity for the detection of RAS were 92.5% and 
92.2%, respectively, although the sensitivity may have been 
artifactually elevated since not all patients underwent angiog- 
raphy.” In another review of |7 studies involving about 3000 
hypertensive patients, the sensitivity and specificity for the 
detection of RAS (with only two exceptions) ranged from 
83-100% and 62—100%, respectively.'® Using the criterion 
of ACEIl-induced changes between baseline and ACEI renog- 
raphy to define a positive test, most studies show that the test 
has a specificity 290% and consequently the test has a high 
positive predictive value. '°?”° Finally, in a separate analysis of 
ten studies published between 1987 and 1998, the mean 
positive predictive value of ACEl-induced changes between 
baseline and ACEI renography for predicting improvement or 
cure of hypertension in 291 patients undergoing revascular- 
ization was 92%.” 
It is important to note that in the two reviews published 
in 2000,’’”° in a population where RAS prevalence varies 
between 20-65%, the positive and negative predictive 
values of ACEI-renography in the detection of RAS were the 
same, 90% and 95%, respectively. In these series, the 
average prevalence of RAS was about 50%; however, even 
when RAS prevalence is only about 5%, as reported in two 
large studies containing 667 and 450 hypertensive patients 
respectively, the sensitivity and specificity remain high, i.e., 
90-100% for sensitivity and 94-95% for specificity,” Helin 
et al reported a clinically relevant prevalence of RVH of 12% 
in |73 patients with no obvious renal parenchymal disease 
and unresponsive to two antihypertensive drugs and showed 
that ACEI renography was cost effective in this population.” 

Technologies are evolving and multiple diagnostic imaging 
strategies have been proposed; four recent reviews®???0° 
recommended strategies incorporating renal scintigraphy but, 
to date, there is no generally accepted approach. Costs need 
to be considered in determining the clinical approach but a 
cost analysis is a moving target. Costs are often hard to 
ascertain and costs and technologies continue to evolve. 
Nevertheless, a recent study showed that the diagnostic 
strategy of first evaluating patients with CTA or MRA is less 
cost-effective than the use of ACEI renography as the first test 
in patients with normal or near normal serum creatinine and 
without a small poorly functioning kidney.°' Nelemans et al 
subsequently assessed eight strategies for the diagnosis of 
RVH followed by treatment with percutaneous transluminal 
angioplasty with or without stent placement and concluded 
that computed tomography angiography followed by angiog- 
raphy was less cost-effective (although more effective) than 
ACEI renography followed by angiography.” 

A common clinical approach in some areas of the United 
States is to perform MRA or CTA followed by angioplasty 
with stent placement. Based on current Medicare reimburse- 
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1000 patients; 30% RAS; 20% RVH 
Normal or near normal renal function 


| MRA 
1000 x $590 = $590 000 


we x 


200 with RVH] 100 with RAS} [|700 without RAS 
95% sensitivity 99% specificity 
s angioplasty , angiography, 
190 patients 95 patients 7 patients 


285 x $10 035 = $2 859 975 


[7 x $2095 = $14665 


Total cost = $3 464 640 


Figure 16.6 Based on Medicare Part B and DRG 
reimbursement rates (see text), the strategy of MRA followed 
by angioplasty and stent placement to diagnose and treat 
1000 patients with a 30% prevalence of RAS (20% prevalence 
of RVH) will miss ten patients with RVH and cost $3 464 640. 


ment rates, this approach is not cost effective in hypertensive 
patients suspected of having RVH who have normal to near 
normal renal function (Figures 16.6 and | 6.7). For example, 
assuming an extra $50 to cover the cost of the contrast media 
and $180 to cover the cost of "Tc MAG3 for the baseline 
and ACE inhibition studies, the 2005 Medicare Part B 
reimbursement rates (RVU or relative value units) unadjusted 
for geography are $2095 for renal angiography, $590 for 
MRA, $619 for CTA and $432 for ACE inhibition renogra- 
phy. It is important to note that the cost estimate for ACE 
inhibition renography is actually conservative since many 
institutions begin with the ACE inhibition renogram; if it is 
negative, the baseline study is not performed and cost of the 
MAG3 can be reduced. Moreover, if "Tc DTPA were used, 
the cost estimates for the ACE inhibition renogram would be 
further reduced. The cost for renal angioplasty with or 
without stent placement can best be estimated from the 
DRG (diagnostic related grouping) payment. The DRG 
payment is all-inclusive and is the average payment for the 
entire hospital stay for a particular procedure. Assuming no 
complications, the DRG reimbursement for a renal angio- 
plasty with stent placement is $10 035. These procedure 
reimbursements from Medicare were used for the simplified 
cost analysis supplied in Figures 16.6 and 16.7. 

The prevalence of RAS in the unselected hypertensive 
population varies from 0.5—3%; but ranges from 20-50% in 
selected populations. '*”° If a population of 1000 patients with 
normal to near normal renal function has a 30% prevalence 
of RAS and a 20% prevalence of RVH and they are first 
screened with MRA, assuming 95% sensitivity and 99% 
specificity, ? then 285 patients with RAS will be identified 
(Figure 16.6). If angioplasty and stent placement is then 
performed in these patients, the total cost (MRA, angiography 
and angioplasty with stent placement), will be $3 464 640 
(Figure 16.6). Since the reimbursement for CTA is higher 


1000 patients; 30% RAS; 20% RVH 
Normal or near normal renal function 


| ACEI renography 
1000 x $432 = $432 000 


N 


| 200 with RVH 100 with RAS| |700 without RAS 
90% sensitivity 90% specificity 
. angioplasty , angiography, 
180 patients 10 patients 70 patients 


285 x $10 035 = $1 906 650 


[70 x $2 095 = $146 650 


Total cost = $2 485 300 


Figure 16.7 Based on Medicare Part B and DRG 
reimbursement rates (see text), the strategy of "Tc MAG3 
renography followed by angioplasty and stent placement to 
diagnose and treat 1000 patients with a 30% prevalence of 
RAS (20% prevalence of RVH) will miss 20 patients with RVH 
and cost $2 485 300. 


than that for MRA, a strategy of CTA followed by angioplasty 
would result in an even higher cost than that of MRA followed 
by angioplasty. This analysis underestimates the actual cost 
since the DRG reimbursement assumes no complications 
while the actual complication rate may be as high as 20%." 

In contrast, the cost will be $2 485 300 if these 1000 
patients are first screened with ACE inhibition renography, 
assuming a sensitivity and specificity of only 90% (Figure 
16.7). Seventy patients without RAS would have false- 
positive studies and would be sent for angiography. Ten of 
the 100 patients with RAS who did not have RVH would have 
false-positive studies and would be sent for revascularization 
and |80 patients with RVH would be sent for angioplasty and 
stent placement (Figure 16.7). This figure translates into a 
saving of about $4500 per patient with RVH; moreover, the 
approach is conservative since the specificity for ACE inhibi- 
tion renography in this patient population is probably higher 
than 90%. This strategy would miss 20 patients with RVH 
compared to ten patients with MRA but these patients would 
be managed with medical therapy. If the hypertension could 
not be controlled, CTA, MRA, Doppler ultrasound or ACE 
inhibition renography would likely be obtained depending on 
circumstances. Depending on the prevalence of disease and 
the value used for the specificity of ACE inhibition renogra- 
phy, obtaining a MRA in patients with a positive ACE inhibi- 
tion scan would reduce the number of angioplasties but 
would slightly increase the total cost. 

Based on these considerations, a cost-effective approach 
would be to classify hypertensive patients at moderate to high 
risk for RVH into those with a normal or near normal serum 
creatinine and those with significant azotemia. Patients with a 
normal to near normal creatinine should first be evaluated 
with ACE inhibition renography (Figure 16.8). Those with 
impaired function may best be initially evaluated by MRA or 
Duplex sonography (Figure | 6.8). 


160 Functional Imaging of Nephro-Urology 


Clinical suspicion of renovascular 
hypertension 


High Intermediate Low 


Azotemia 


Normal function 


Careful clinical follow-up 


MRA,US 


y 
ACEI renogram 


Figure 16.8 Flow chart outlining the initial management of 
hypertensive patients with suspected renovascular 
hypertension. 


Future directions 


Aspirin renography (alone or in 
combination with ACE inhibition 
yee oP for the detection of 


Preliminary data suggest that aspirin renography may provide 
a sensitive test for renovascular hypertension comparable 
to that obtained with ACE inhibitors.°?°* Administration of 
nonsteroidal anti-inflammatory agents such as aspirin inhibits 
prostaglandin synthesis and lead to a preglomerular vaso- 
contriction with a reduction in renal blood flow and GFR.*° 
The reduction in renal blood flow and GFR caused by 
prostaglandin inhibitors appears to accentuate the effect of a 
functionally significant renal artery stenosis and allows detec- 
tion by renography. Since the mechanisms of action differ, the 
combination of aspirin and an ACE inhibitor may result in a 
higher sensitivity and even further improve the predictive 
value of a negative test for excluding renovascular hyperten- 
sion. 


Use of ACE inhibition induced 
changes in total and individual 
kidney clearance measurements as 
additional diagnostic factors 


In a recent study, the mean °™T ¢ MAG3 clearance increased 
from 221 to 239 ml/min in 20 patients with a low probability 
of RAS whereas in 22 patients with a RAS greater than or 
equal to 50%, the MAG3 clearance decreased from a mean 
of 233 to 186 ml/min.” If this observation is corroborated by 
future studies, it could provide an additional diagnostic aid for 
distinguishing between RAS and RVH. 


Modification of the Santa Fe criteria 
for patients with a small unilateral 
kidney and azotemia 


Fernandez et al studied 38 hypertensive patients with a mean 
baseline GFR of 35 ml/min with captopril renography.*” The 
authors suggest modifying the Santa Fe consensus criteria so 
that a small unilateral kidney with a rising curve on baseline 
and captopril is considered a positive study and interpreting 
bilateral symmetrical rising curves before and after ACE 
inhibition as a negative study. Using these modified criteria, 
the test showed good performance for detection of RAS in 
renal failure patients with a sensitivity of 100%, specificity of 
83%, positive predictive value of 64% and negative predic- 
tive value of 100%. There was also 100% sensitivity for 
predicting response to revascularization but the number of 
patients was low. Future studies should evaluate both the 
standard and modified criteria in patients with azotemia to 
determine if the modified criteria improve results. 


Automated processing and 
interpretation of ACE inhibition 
renography 


Criteria for the interpretation of ACE inhibition renography 
include time to peak height of the renogram curve, relative 
uptake and the 20 min/max count ratio. Measurement of 
DTPA and MAG3 clearances before and after ACE inhibition 
may also be useful in determining the presence or absence of 
RVH. Prigent et al have developed guidelines for extracting 
quantitative data from a radionuclide renal scan, camera- 
based techniques are available to estimate the MAG3 and 
DTPA (GFR) clearances and approaches are being developed 
to automatically assign kidney and background regions of 
interest.” Use of validated software to extract the 
relevant quantitative variables and apply the diagnostic criteria 
should minimize interobserver variability, facilitate the 
comparison of results between centres and provide a 
decision support system for physicians who are not expert in 
interpreting these studies. 


Summary 


Cost-effective patient management requires that the 
functional significance of the stenosis be determined before 
intervention.'*°! ACEI renography is a sensitive, specific and 
cost-effective test for renovascular hypertension in patients 
with normal or near normal renal function; it is not a test for 
the detection of the presence or absence of renal artery 
stenosis. For this reason, it is essential to recognize that many 
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of the conclusions drawn from the literature (1) do not distin- 
guish between RVH and RAS and (2) do not distinguish 


between azotemic patients and those with a normal or 


near 


normal serum creatinine. When ACE inhibition renography is 


performed in patients with ischaemic nephropathy or a 
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poorly functioning kidney, as many as 50% of the studies may 
be indeterminate or intermediate probability. Finally, future 
studies may refine the test and lead to even higher values for 
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Introduction 


The kidney is involved in regulation of homeostasis and 
controls a variety of physiological processes including 
electrolyte balance, blood volume and arterial pressure, and 
has various endocrine functions. It is also a vulnerable target 
organ to drugs, toxins and other risk factors. Renal dysfunc- 
tion and maladjusted responses may well have grave reper- 
cussions on the wide spectrum of functions of the kidney, and 
may contribute to progression of renal and cardiovascular 
disease. Because of the potential ramifications of renal impair- 
ment, diverse techniques have been developed and utilized 
for measurement of renal haemodynamic function, including 
renal perfusion and renal blood flow (RBF), glomerular filtra- 
tion rate (GFR), and the dynamics of the tubular reabsorption 
process. However, the complexity and spatial heterogeneity 
of intrarenal structure and function have made it difficult to 
reliably quantify these characteristics noninvasively in the 
intact single kidney under a wide spectrum of physiologic 
conditions. 


Development of X-ray 
techniques for functional 
imaging of the kidney 


Since their discovery, X-rays have been widely applied to 
identification of anatomic and physiologic processes. One of 
the first applications of X-rays to the kidney was in the | 920s 
in the advent of excretory urography, in which sequential X- 
ray images were acquired during injection of contrast media 
to explore renal excretory function.'! The first functional 
imaging of the kidney using X-rays was then introduced in 
1923 as the important technique of intravenous pyelogra- 
phy.* In the 1940s Trueta et al,? who assessed and timed 
the transit of intravascular contrast media through the renal 
vasculature using angiography, pioneered dynamic studies of 
the renal circulation and intrarenal distribution of blood flow. 
Subsequently, Erikson et al used videodensitometry to study 
total and regional renal blood flow’ as well as function.’ Using 


injection of a glomerular filterable (urographic) contrast 
medium, they were able to evaluate the amount of filterable 
contrast that was filtered from the glomerular to the tubular 
compartment and estimate filtration fraction. However, the 
use of projection imaging, and low spatial and temporal 
resolution, limited the accuracy of these approaches to 
quantify renal function. 

Mathematical development of 3D reconstruction® and its 
application in the late 1950s and 1960s to transaxial image 
reconstruction”? enabled development of computed tomog- 
raphy (CT). Tomographic imaging techniques in conjunction 
with intravenous injections of contrast media may be clinically 
useful, because their cross-sectional capability allows assess- 
ment of the circulation of the single-kidneys noninvasively, 
bilaterally and simultaneously. Cross-sectional CT imaging 
also overcomes superimposition observed in projection 
images and allows anatomically discerning intrarenal regions 
(e.g. cortex and medulla) and external detection of the transit 
of a bolus of X-ray filterable contrast media. Since the cortex 
receives about 90% of renal blood flow, vascular transit of 
contrast media opacifies the cortex more than the medulla 
and marks the cortico-medullary junction. 

One of the advantages of CT for quantitative assessment of 
renal functional imaging is that because of the linear relation- 
ship between X-ray contrast media concentration and CT- 
derived tissue attenuation, measurements of tissue density 
reflect and can provide absolute quantifications of tissue 
concentration of the contrast media contained in the renal 
vasculature, interstitium or tubular fluid. Much progress has 
been made towards development of concepts for explo- 
ration and interpretation of renal transit of contrast media.'°"'' 
However, the first generations of CT scanners, introduced in 
the 1980s, were limited by long data acquisition times and 
ow sampling rate that hampered their ability to accurately 
record subsecond changes in contrast concentration. 

The dynamic spatial reconstructor (DSR) developed in the 
ate 1970s'* was the first three-dimensional volume-scanning 
CT scanner, and exhibited stop-action (to minimize motion 
artifacts) and very high temporal resolution (up to 60 
frames/s), which enabled assessment of functional 
movements (e.g. of the heart or lung) and distribution of 
X-ray contrast media in blood and tissue. It provided the 
opportunity to assess renal structure and function,'*'° 
measurement of renal perfusion, blood flow distribution, '® 
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Targets 


Figure 17.1 Schematic demonstrating the configuration of 
the EBCT. An electron gun located behind the patient 
produces an electron beam, which is magnetically deflected 
sequentially onto four tungsten target rings located 
underneath the patient. Fan beams of X-rays subsequently 
pass through the patient (up to 17 frames/s at the cine 
mode), and their attenuation is detected by a semicircular 
detector array located on the opposite side of the patient. 


and dynamic changes in the renal circulation.” However, 
despite the sophistication and potential of the DSR, tts limited 
availability, high operating costs, and unavailability of adequate 
computing power to facilitate data handling at that time 
restricted its use. 


Electron beam computerized 
tomography (EBCT) 


EBCT was introduced in the 1980s. Its configuration is such 
(Figure 17.1) that the absence of moving mechanical parts 
(i.e. X-ray tubes and/or TV cameras revolving around the 
subject) other than the patient table, decreases heat produc- 
tion compared to conventional CT, and enables ultrafast 
scanning. Using the multislice mode, this configuration allows 
studying eight parallel 8-mm-thick tomographic slices almost 
simultaneously at around 50 ms/image. Using the single-slice 
stop-action mode, which resembles conventional CT acqui- 
sition, thinner slices (1—lO0mm) can be obtained at 
100 ms/image and above. Its spatial and temporal resolution 
is therefore suitable to quantify renal function, which can be 
obtained from any region of interest within the kidney. Figure 
| 7.2 shows an example of a cortical region of interest traced 
on an EBCT image. 

Jaschke et al were the first to show the potential of the 
EBCT for measuring renal blood flow.'*?° We have subse- 
quently validated the accuracy of EBCT-derived measure- 


Figure 17.2 Representative EBCT image of a pig kidney 
obtained after intravenous injection of a bolus of a contrast 
medium, showing the cortex manually traced. Similar images 
were used to generate the time-—density curves demonstrated 
in Figure 17.3. 


ments of renal, cortical and medullary volumes,*!™ perfusion 


and blood flow distribution within a wide range of renal 
blood flow values.'’”? These measurements also proved to 
be feasible and highly reproducible in humans**?° and 
animals.” 


Renal perfusion and blood flow 


CT measurements of parenchymal perfusion are usually 
based on repetitive scanning of tomographic slices during the 
transit (first pass) of a bolus of contrast media. Distribution 
of X-ray contrast media follows blood distribution patterns, 
and the degree of change in tissue density (CT numbers, 
Hounsfield Units) reflects the amount of blood that perfuses 
the tissue. After depicting the change in tissue attenuation as a 
time—density curve (TDC) (Figure 17.3), regional perfusion 
(e.g. cortical or medullary, depending on the region of 
interest from which the data was sampled) can be assessed 
following the principles of the indicator-dilution theory.” 
Regional perfusion (ml blood/min/cc tissue) multiplied by the 
corresponding regional volume then yields regional (cortical 
or medullary) or total (the sum of cortical and medullary) 
renal blood flow (in units of ml blood/min). 


Renal function 


Measurement of renal perfusion relies on the presence of 
contrast media within the renal vascular compartment. The 
mathematical basis for calculations of tissue perfusion and 
vascular volume, the classical indicator-dilution theory, is 
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Figure 17.3 Time—density curves obtained with EBCT from the renal cortex (left panel) and medulla (right panel) of a pig after an 
intravenous bolus injection of iopamidol. The raw data of each curve have been modelled, and display the vascular and tubular 


location of the bolus during its transit along the nephron. 


based on several assumptions regarding the haemodynamic, 
physical and physiological characteristics of the contrast bolus, 
as well as the microvascular branching structure. Implicit to 
this theory is the requirement that the indicator (i.e. contrast 
medium) should essentially remain intravascular during its first 
pass through the tissue.” The curves can be then fitted with 
standard gamma-variate curve-fitting algorithms:*° 

Cit) = C t fexp(t/b)} (1) 
where C(t) is the contrast concentration as a function of time 
t (s), and the remaining are curve-fitting parameters describ- 
ing the magnitude and spread of the curve. The curve-fitting 
parameters are utilized to calculate the area under the curve 
(T(a + 1) b%*'), blood volume, mean transit time 
(MTT= (a + |) b), and tissue perfusion as Perfusion = 60 
x blood volume/MTT/(I — blood volume). The input 
function for the kidney is typically obtained from the abdomi- 
nal aorta, and is modelled as a simple gamma-variate curve 
(equation 1). 

Blood volume (microvascular volume fraction) is deter- 
mined from the ratio of the regional vascular and input 
TDC.*' The input curve depicts the concentration of the 
contrast medium in pure blood, whereas tissue density 
measured during the vascular phase is in fact a weighted 
mean between the density of intravascular contrast media 
and that of the surrounding parenchyma. The ratio between 
contrast concentration in the tissue vascular curve and that of 
pure blood is hence directly related to the relative blood 
(vascular) volume fraction of the tissue. 

However, due to their small molecular size, the soluble 
iodinated contrast media commonly used for cardiovascular X- 
ray imaging are extravascular markers’ and leak from 
microvessels. In the myocardium, under physiological condi- 


tions 15-30% of the indicator may be extracted into the 
extravascular compartment during its first pass through the 
vasculature, *?* and this fraction may increase during myocar- 
dial ischaemia. Consequently, rather than return to baseline 
levels, tissue density exhibits residual opacity,?? whose magni- 
tude depends on the fraction of the contrast remaining in the 
extravascular space, and to a lesser degree on recirculation.*! A 
similar phenomenon takes place in the kidney as a result of 
glomerular filtration. Because of their chemical and physical 
properties, urographic contrast media are cleared from the 
body primarily via renal glomerular filtration in a manner similar 
to inulin. Using EBCT we have previously shown that although 
the majority of a contrast bolus washes out through the renal 
vein during its first pass, around 20% undergoes filtration in the 
glomerular capillaries and accumulates in the proximal tubule.” 
Since they are neither secreted nor reabsorbed in the renal 
tubules, their fate resembles that of inulin, and the determina- 
tion of their elimination rate can be used to estimate tubular 
transit as well as the rate of glomerular filtration. 

Therefore, residual tissue density that remains in the 
kidney following the vascular phase and venous washout of 


the contrast media!® can be utilized 


As mentioned ea 


rlier, Erikson et a 


to assess renal function. 
took advantage of this 


phenomenon to assess filtration fraction using videodensito- 


metry by compari 


ng transit of two different types of contrast 


media: intravascular versus filterable.? More recently, the 
residual opacity in the kidney after a first pass of a single injec- 
tion of contrast was used to assess filtration fraction, '°?” and 
changes in density of the whole kidney during a first pass of 
contrast was used in an attempt to calculate renal permeabil- 
ity” and filtration.” 

Subsequent tubular flow of the contrast along the nephron 
segments contained in the cortex or medulla leads to distinct 
changes in their X-ray densities (Figure | 7.4). Changes in fluid 
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Figure 17.4 Time-—density curves obtained with EBCT from 

the renal cortex and medulla of a normal dog. Because the 
canine kidney is unipapillary, the medullary region of interest is 
relatively well-defined, and enables outlining and depiction of 
contrast transit in the outer (descending and ascending limbs 
of the loops of Henle) and inner medulla. The corresponding 
anatomic location of the contrast in the renal cross-sectional 
regions is illustrated at the top panel. Reproduced with 
permission from reference 56. 


concentration due to intratubular fluid reabsorption or secre- 
tion along the nephron also contribute to  intratubular 
contrast concentration (ITC) and to the ultimate characteris- 
tics of these TDC. 

Furthermore, because of bolus dispersion and the hetero- 
geneous lengths of the tubular segments, these TDC overlap 
and require mathematical stripping. Therefore, we have 
recently developed mathematical models, which extend the 
standard gamma-variate curve-fitting algorithms. This model- 
ing approach breaks the TDC into their individual compo- 
nents to delineate renal vascular and tubular fluid flow in 
individual nephron segments,*”*° and permits calculation of 
curve parameters for each segment for assessment of 
regional perfusion, ITC, tubular transit times (the first 
moment of the curve) and GFR. These algorithms have been 
designed to model the TDC raw data in accordance with 
the region of interest from which the data were originally 
obtained (e.g. cortex, medulla or papilla, see Figure | 7.4). 

Distribution of contrast in the renal cortex is observed 
mainly in the vascular, proximal tubular, and distal tubular 
compartments (Figure 17.3, left panel), and the TDC can 
therefore be fitted with a tricompartmental curve-fitting 
algorithm: 


C(t) = ct {exp™ + d exp} 
+ it! exp” (2) 


Distribution of contrast in the renal medulla corresponds to 
transit of the contrast medium in the vascular compartment 
and then the loop of Henle (Figure | 7.3, right panel), and the 
model applied to the medullary TDC is therefore bicompart- 
mental:?”78 


C(t) = ct? exp™ + it! exp™ (3) 


The vascular gamma-variate curve in each region is used to 
calculate regional perfusion, whereas data obtained from all 
subsequent peaks are used to calculate tubular dynamics 
(ITC and transit times), reflecting the degree of tubular 
fluid reabsorption (i.e. concentration or dilution) along the 
nephron. ITC is calculated for each nephron segment as the 
ratio of the area under each curve to that of the cortical 
vascular curve and GFR (to render ITC independent of 
concurrent contrast delivery via the vascular circulation or 
glomerular filtration). 

Furthermore, the maximal slope of the ascending arm of 
the proximal tubular curve, which represents the rate of 
contrast accumulation secondary to glomerular filtration, is 
used to calculate unit GFR (ml/min/cc tissue).7”8 It is calcu- 
lated for each kidney from the right and left cortical 
time—density curves as: 


slope X cortical vascular MTT 
area under aortic curve 


GFR = | } x0 


EBCT measurements of renal blood flow correlate well with 
those obtained with an electromagnetic flow probe”’ and 
with an intravascular Doppler wire,’® which measure blood 
velocity in the main renal artery. EBCT-derived GFR corre- 
lated well with the clearance of the reference standard 
inulin. ?”?® This suggests that this model (e.g. equation 2) 
provided faithful depiction of the accumulation of contrast 
media in the proximal tubule. 


Functional imaging of renal 
physiology and 
pathophysiology (Figure 17.5) 


Analysis of renal TDC allows derivation of unique measures 
of intrarenal regional haemodynamics and function. EBCT 
detected physiological changes in renal perfusion and function 
during a number of challenges, such as administration of 
diuretics and renal vasodilators, Figure 17.5.7!77°°4!? Acute 
changes in renal perfusion pressure within the range of RBF 
autoregulation disclosed changes of ITC (i.e., fluid reabsorp- 
tion) that paralleled and were concordant with altered 
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Figure 17.5 Inner medullary time-density curves obtained in 
the canine kidney before (solid squares) and after (circles) 
systemic furosemide injection. This loop-diuretic induced a 
marked dilution (and hence a decrease in tissue densities) in 
the nephron segments from the loop of Henle and distally. 
Reproduced with permission from reference 56. 


pressure natriuresis.'’°°*? Moreover, similar changes were 
observed under chronic conditions in animals with renovas- 
cular hypertension, which showed diluted intratubular fluid,** 
while the stenotic kidney exposed to low renal perfusion 
pressure showed contrarily an increase in ITC (Figure 
7.6). 

The significance of measurements of tubular function is 


underscored by the observation that superimposition of 


atherosclerosis (simulated by a_high-cholesterol diet 
markedly accentuated impairment in tubular fluid reabsorp- 


tion in the stenotic kidney (Figure |7.7).*° These findings of 


tubular injury in vivo were supported by morphological 
examination of the stenotic kidney, which revealed a marked 
increase in tubulo-interstitial injury in vitro.*°*” The renal 
tubules, and particularly the S3 segment of the proximal 
tubule, are distinctly vulnerable to renal circulatory compro- 
mise and hypoxic injury. Renal susceptibility to hypoperfusion 
is further aggravated by insults that increase medullary 
vulnerability to hypoxia, especially models combining multiple 
insults.*° Indeed, decreased filtrate-concentration capacity is a 
measure of intrinsic renal damage, suggesting a potential role 
for ITC as an index of tubular integrity and function. 

The success of therapeutic intervention has also been 
evaluated using EBCT. For example, chronic endothelin- | * 
or angiotensin Il ATI receptor’? blockade improves renal 
perfusion, function and structural integrity in hypercholes- 
terolaemia. HMG-CoA-reductase inhibitors (simvastatin) also 
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Figure 17.6 Time—density curves obtained with EBCT from 
the renal cortex of a pig with left renal artery stenosis. The 
vascular and tubular curves of the stenotic cortex (dashed 
line) are considerably flatter that that from the contralateral 
(solid line) cortex, indicating lower perfusion and tubular 
content of contrast. Reproduced with permission from 
reference 45. 
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Figure 17.7 Profiles of contrast media concentration in the 
renal tubules assessed in pigs that were either normal or 
hypercholesterolaemic (HC), had renal artery stenosis (RAS), or 
both HC and RAS (*P <0.05 vs normal and HC, t P <0.05 vs 
RAS). Intratubular concentration was similar in normal and HC, 
but significantly higher in the proximal tubule and Henle’s loop 
of RAS, suggesting increased fluid reabsorption. However, in 
HC RAS intratubular contrast media concentration was 
significantly lower along the nephron, suggesting impaired 
tubular fluid reabsorption and tubular injury. Reproduced with 
permission from reference 46. 


attenuated the inflammatory and pro-oxidative environment 
as well as fibrosis in kidneys in pigs with diet-induced hyper- 
cholesterolaemia, in association with enhanced renal perfu- 
sion?! Chronic supplementation of antioxidant vitamins 
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preserved renal vascular responses to endothelium-depen- 
dent vasodilators” and improved renal haemodynamics in 
the ischaemic kidney. Therefore, these imaging 
techniques appear to be sufficiently sensitive to detect and 
monitor both acute and chronic subtle changes in renal 
function during physiology, pathophysiology and in response 
to treatment. 

Tubular dynamics have not been extended to humans yet, 
but EBCT estimates of the renal perfusion and volume have 
been shown to be feasible and highly reproducible in normal 
humans under controlled conditions.” Cortical perfusion was 
decreased in normotensive humans predisposed to essential 
hypertension compared to humans without a family history of 
this syndrome.” In the ischaemic kidney of renovascular 
hypertensive patients, cortical and medullary perfusion were 
further decreased compared to essential hypertension.” 


Limitation of EBCT techniques 


Tomographic X-ray methods may be limited by imaging 
artifacts such as partial volume effects, beam hardening (an 
artificial increase in the average energy of the transmitted 
beam), or photon scatter (detection of X-ray information 
originating outside the X-ray source and detector plane).°° 
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18 Functional and cellular imaging of 
the kidney by MRI 


Nicolas Grenier, Michael Pedersen, Olivier Hauger 


Introduction 


Imaging of parenchymal renal diseases has for long been 
restricted to renal length, cortico-medullary differentiation, 
evaluated by various radiological techniques, and functional 
information, evaluated by nuclear medicine technique. 
Today, the new developments of both magnetic resonance 
imaging (MRI) systems, providing higher signal-to-noise ratio 
and higher spatial and/or temporal resolution, and MR 
contrast agents have the potential to drive new opportunities 
for obtaining reliable and quantitative functional data, as well 
as information on tissue characteristics relevant to various 
renal diseases. 


Functional MR imaging 


Although the physiology of the kidney is quite complex, some 
functional parameters become available from MRI, based on 
qualitative, semiquantitative or quantitative analyses. Such 
functional approaches have received attention for many 
years! but the clinical applications are nowadays limited to 
semiquantitative evaluation of a few useful parameters for 
several reasons. First, it is difficult to obtain accurate and 
reproducible information in a mobile organ, subject to respi- 
ratory movements and to magnetic susceptibility artifacts 
arising from the surrounding bowel; second, the complexity 
of the relationship between the observed signal changes and 
the concentration of the contrast agent makes quantitative 
analysis difficult. Therefore, nuclear medicine remains at 
present the reference method for quantification of most renal 
functional parameters, but MRI is now able to compete in 
many fields. Functional parameters that can be evaluated 
noninvasively with MRI and will be covered in this chapter 
include blood flow and perfusion, glomerular filtration, 
tubular concentration, renal transit time, molecular diffusion 
of water and tissue oxygenation. These parameters are 
calculated from MRI measurements using either exogenous 
contrast agents such as gadolinium (Gd) chelates or iron 
oxide particles or endogenous contrast agents such as water 
protons or blood deoxyhaemoglobin. 


Technical issues for studies 
requiring exogenous contrast 
agents 


Most of these approaches are based on dynamic contrast- 
enhanced acquisitions, either with TI weighting (RI relax- 
ation-enhanced) using paramagnetic Gd chelates, or with 
T2* weighting (R2* susceptibility-enhanced) using super- 
paramagnetic iron oxide particles, and the fundamental differ- 
ences between these two methods will be emphasized. 
Because both types of agents have a concomitant effect on all 
components of relaxivity, Gd chelates may produce T2 and 
T2* effects at high concentration and, conversely, iron oxide 
particles may produce TI effects at low concentration. 
Therefore, depending on the type of agent used, specific 
optimization of the injected dose and of the imaging 
sequence is necessary. 

Quantification of physiological parameters using dynamic 
contrast-enhanced MRI requires a conversion of signal inten- 
sity (SI) values into concentrations. Use of relative SI only 
precludes quantification of these parameters but allows 
instead calculation of parameters that, to some extent, reflect, 
blood flow or filtration without being in absolute units. These 
parameters can only be used in the same individual to 
compare different renal areas or one kidney from the other. 


Dynamic relaxivity contrast- 
enhanced MRI (T1 weighting) 


Optimization of sequences 


When Gd chelates are used, a reasonable T| weighting can 
be accomplished using spoiled gradient-echo (type FLASH — 
Fast Low Angle SHot). Here, an RF-flip angle of 90° has been 
preferred by several authors to obtain a relative linear 
relationship between SI and Gd concentration.’ If very short 
acquisition times are required, a nonselective magnetization 
preparation is convenient combined with very short TR and 
TE values to obtain a heavy T| weighting. The preparation 
pulse is either realized as a saturation pulse (90°) or as an 
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inversion pulse (| 80°), or alternatively, a more complex pulse 
scheme (90-180°) to eliminate arrhythmia.’ Interestingly, 
lvancevic et alf proposed, for a quantitative analysis of perfu- 
sion, coupling a 90—180° magnetization preparation with a 
large acquisition RF-flip angle to obtain a large contrast 
dynamic range which seemed more relevant, even if the 
temporal resolution was decreased. Therefore, according to 
selected geometric parameters and the performance of the 
MRI system used, a compromise may often be necessary. 

Measurement of renal perfusion and filtration requires 
accurate sampling of the vascular phase of the kidney in order 
to measure the arterial input function (AIF). The AIF is usually 
the Sl-time curve observed in the suprarenal abdominal aorta 
or in a renal artery and is used for different kinetic models in 
order to compensate for the noninstantaneous bolus injection 
into the blood. This need for a high temporal resolution 
explains why most studies have been performed using a 
single-slice acquisition scheme and not multislice or 3D 
techniques. However, the required extrapolation of functional 
data from one slice to the whole kidney is not always valid if 
the renal disease is irregularly or focally distributed. Recent 
advances in MR instrumentation and hardware facilitate 
coverage of the entire kidneys with several slices using 3D 
sequences while maintaining a temporal resolution around 
1.5 s.° The acquisition plane (coronal or axial) has to include 
both kidneys for renal sampling and the suprarenal abdominal 
aorta for AIF. Moreover, the dynamic procedure has to be 
prolonged for minutes after injection of contrast for measure- 
ments of renal blood perfusion (1—2 min) and measurements 
of renal filtration (up to 3 min). 


Optimization of the dose of contrast 
agent 


The concentration of Gd within the kidney has to be 
decreased (to decrease the T2* contribution occurring at 
high concentration within the aorta and renal medulla), by 
decreasing the injected dose and by hydrating the patient. 
There is no consensus about the optimal dose to be used for 
MR renography, but it is generally accepted that MR reno- 
graphic studies should be performed with a lower dose than 
that usually accepted clinically (0.!—0.2 mmol/kg). The 
standard dose must be avoided because of the high concen- 
trations reached in the abdominal aorta during the bolus and 
within the renal medulla after water reabsorption. The choice 
between 0.025 mmol/kg and 0.05 mmol/kg depends on the 
level of signal-to-noise ratio obtained with the sequence and 
the system used. 


Conversion of SI into Gd concentration 


Absolute quantification of the tissue concentration of contrast 
agent C can usually be estimated using the equation 
(C) = (RI-RI,)/r, where RI is th relaxation rate in the tissue 


(RI = I/TI), Rl is the bulk RI in the tissue without contrast 
agent, and r is the specific relaxivity of the contrast agent. In 
principle, this means that a precontrast measurement of RI 
should be performed before injection of the contrast agent. 

To convert changes in SI into changes in RI, different 
approaches can be used. A commonly used method is based 
on a phantom of tubes filled with Gd solutions at various 
concentrations, which is then imaged with the sequence used 
for the dynamic study. The acquired SI values are plotted 
against measured RI values, and a polynomial fit is made to 
obtain a calibration curve. However, this approach has some 
drawbacks, including the assumption that the relaxivity is 
equivalent in solution and in tissues. Another method of 
conversion is to use the relationship between SI and RI given 
by the equation driven by the sequence used,® which unfor- 
tunately is not straightforward. In addition, some sequences 
may not even have an analytical formula that can be used for 
this method.’ 

One important factor contributing to erroneous measure- 
ments of TI of blood is subjected to the inflow effect, 
because the coherent movement of flowing fluid can alter T | 
of the signal arising from spins therein.® The value of T| for 
blood is therefore difficult to measure in vivo. Consequently, 
the TI of the arterial blood has in many studies not actually 
been measured, but has been assumed from previously 
measured T| values in humans’ or has been assumed to be 
the same as the value measured ex vivo.'° 

This mathematically complex conversion from SI to RI can 
be avoided using direct dynamic measurement of RI (instead 
of SI). Very fast dynamic measurements of RI, based on the 
Look—Locker sequence,'' providing dynamic TI mapping 
of kidneys and aorta, is one possibility to eliminate this 
problem.'*'? Preliminary renal studies appear extremely 
encouraging"? but their accuracy in dynamic quantification has 
yet to be investigated. 


Dynamic susceptibility contrast 
enhanced MRI (T2* weighting) 


The passage of magnetopharmaceuticals leads to differences 
in the local magnetic susceptibility between vessels and the 
surrounding tissue. Although the fraction of the vascular space 
is generally a small fraction of the total tissue blood volume, 
this compartmentalization of contrast agent leads to a 
disruption of the local magnetic field homogeneity extending 
beyond the immediate confines of the vascular compartment, 
within which the contrast agent is retained. With iron oxide 
particles, the increased magnetic susceptibility caused by the 
ferromagnetic atom causes a relatively large spin dephasing, 
and thus T2*-weighted sequences can conveniently be used 
to detect the passage of the agent through a tissue of interest. 
Since these compounds are currently restricted to experi- 
mental studies in animals, T2*-weighted perfusion with these 
agents has received little clinical attentions. However, recent 


advances in developments of iron-containing magneto- 
pharmaceuticals have presented some prospective results, 
potentially attractive for evaluation of perfusion in the kidney. 


Optimization of the sequence 


These studies have predominantly been performed using 
snapshot FLASH-type sequences, with small TR and TE 
values together with a relatively small flip angle in order to 
facilitate T2* weighting. The TI contribution to the signal 
expression of FLASH sequences is generally considered to be 
negligible in situations where iron particles are administered. 
Nevertheless, Bjørnerud et al? demonstrated that, using 
iron-oxide particles, the T| effect in FLASH sequences was 
responsible for a significant distortion of the first-pass curves, 
leading to a significant underestimation of blood flow in the 
renal tissue. This effect decreases with increasing TE and 
agent dose, but is completely eliminated using a double-echo 
gradient-echo sequence that is inherently insensitive to 
changes in T 1. 

Gradient echo based echo-planar imaging is another type 
of sequence that can be used because the relatively large 
acquisition time is sensitive to changes in the magnetic 
susceptibility. Since those sequences are extremely suscepti- 
ble to image artifacts and distortions, their use for renal perfu- 
sion has been limited. 


Optimization of the dose of contrast 
agent 


For iron oxide-enhanced sequences using ultra-small particles 
of iron oxide (USPIO), the standard doses are between 
2040 umol Fe/kg employing magnetization-prepared 
sequences. Among these agents, in humans only Clariscan® 
(GE Healthcare) can be injected as a bolus, whereas others 
such as ferumoxtran |0 (Sinerem®, Guerbet Group) must be 
slowly infused. 


Conversion of SI into contrast agent 
concentration 


Dynamic susceptibility contrast imaging (T2* weighted) does 
not make quantification of SI into concentration units possible. 
However, a relative measure of the concentration for iron 
oxide particles can be estimated using the linear proportion- 
ality between the concentration of the contrast agent and R2* 
changes given by the equation: 


AR2*(t) = C/K 


where K is the proportionality constant, which depends on 
the properties of the tissue, the type of microvasculature, the 
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contrast agent and the sequence used. Measured SI is then 
converted into changes in R2* by the following relationship: 


AR2*(t) = —In(S(t)/S,)/TE 


where TE is the echo time of the sequence and Sọ the 
baseline signal before arrival of the tracer. 


Renal flow rate and perfusion 


Renal blood flow (RBF), or flow rate, refers to the global 
amount of blood reaching the kidney per unit of time, 
normally expressed in ml/min. This parameter is usually 
measured on a renal artery or a renal vein or, alternatively, 
measured in the abdominal aorta as the difference of flow 
above and below the renal arteries. In contrast, renal perfu- 
sion refers to the blood flow that passes through a unit mass 
of renal tissue (ml/min/g) in order to vascularize it and 
exchange with the extravascular space. The degree of perfu- 
sion depends on both the arterial flow rate and local factors 
such as regional blood volume and vasoreactivity. In clinical 
practice, measurement of renal blood flow or perfusion may 
become important for the evaluation of renal artery stenosis 
or nephropathies with microvascular involvement'® and help 
in monitoring intravascular interventions. 


Renal flow rate 


In a similar way to Doppler sonography, the cine-phase- 
contrast MR method is useful to evaluate the intra-arterial 
velocity profile and to quantify the renal blood flow in each 
renal vessel without injection of contrast agent. This 
technique is well described in the literature!’ and is based on 
the measurement of phase shifts of flowing spins along one 
direction (usually perpendicular to the vessel of interest). By 
using heart-triggered 3D phase contrast sequences, used 
with flow encoding in all three directions, it is possible to 
measure a vector-map of all flow components that may 
potentially elucidate wall shear stress patterns circumferen- 
tially and longitudinally in renal arteries. For accurate flow 
measurements in human arteries the imaging plane is usually 
positioned 10-15 mm downstream from the ostium, where 
respiratory movements are minimal, and perpendicular to 
the renal artery, often requiring a double obliquity. 

It has been shown, in vitro, that the degree of spin dephas- 
ing is directly correlated with the trans-stenotic pressure 
gradient.'® With a time resolution of 32 ms per timeframe, 
Schoenberg et al!” *! described a gradation of velocity profile 
alteration (Figure |8.1): anormal curve or a partial loss of the 
early systolic peak (ESP) was consistent with low grade steno- 
sis; complete loss of the ESP and decrease of the midsystolic 
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Figure 18.1 Cine phase-contrast flow curves for different degrees of renal artery stenosis. A semiquantitative grading scheme is 
applied on the basis of distinct changes in the waveform pattern. This scheme is shown as a guideline for the grading of 
haemodynamic changes. Note that the absolute scaling is the same for all four flow curves. Normal flow profiles (A) reveal a 
characteristic early systolic peak and a midsystolic maximum. Low-grade stenoses (B) typically reveal only a partial loss of the 
early systolic peak (solid arrow). Moderate stenoses (C) demonstrate an almost complete loss of the early systolic peak and a 
decrease of the midsystolic maximum (open arrow). High-grade stenoses (D) have a featureless flattened flow profile. Reprinted 


with permission from reference 21. 


peak indicated moderate stenosis (50%); a flattened flow 
profile with no systolic velocity components was representa- 
tive of high-grade stenosis. Using this classification, the 
combined approach of 3D Gd-enhanced MRA and phase- 


contrast flow sequence revealed the best interobserver and 
intermodality agreement. Sensitivity and specificity of detec- 
tion of significant renal artery stenosis (>50%) were 100% 
and 93%, respectively. Therefore, this technique has been 


considered to be a useful complement to MR angiography of 
renal arteries. This method is also capable of measuring the 
renal blood flow in the renal artery below a stenosis as the 
product of the mean velocity within the artery and the cross- 
sectional area of renal artery. Although this technique is useful 
for measuring aortic flow rate, renal arteries are more difficult 
to evaluate because of their small size and because of respira- 
tory movements. 


Renal perfusion 


Renal perfusion parameters, such as renal blood volume 
(RBV) and renal blood flow (RBF), can be assessed using 
different approaches: contrast-enhanced dynamic studies, 
contrast-enhanced steady-state studies, oxygen-enhanced 
acquisitions and water spin-labelling techniques. 


Renal perfusion with contrast-enhanced 
dynamic studies 


The theory of perfusion calculation as well as imaging methods 
depends on the type of contrast agent used. Within the brain, 
regular Gd chelates and iodine compounds are considered as 
nondiffusible tracers, because of the blood-brain barrier, and 
thus can be used to measure cerebral perfusion using MRI or 
CT.” Within the kidney, only agents that show neither inter- 
stitial diffusion nor glomerular filtration can be considered to 
be completely intravascularly confined. Two categories of 
such agents have been proposed: iron oxide particles and 
blood-pool Gd chelates (macromolecular or albumin-bound), 
First-pass intensity-time curves, in conjunction with these 
compounds, have been used for renal perfusion.”?”* 

Semiquantitative parameters such as maximal signal change 
(MSC), time to MSC (T msc) or wash-in and wash-out slopes 
can be measured for comparison from right to left kidney, 
from cortex to medulla or from one region to another. 
However, absolute quantification of regional perfusion is not 
straightforward and requires several signal processing steps 
together with several assumptions. Therefore, most studies 
have been conducted using either qualitative or semiquantita- 
tive indices. 

For absolute blood flow calculations, the acquired Sl-time 
curves of the aorta and the renal parenchyma must be 
converted into concentration-time curves as explained 
earlier. The former serves as an arterial input function (AIF), 
and the calculated concentration—time curves must then be 
processed using specific mathematical models. If the effect of 
a noninstantaneous bolus administration is not taken into 
account (i.e. absence of deconvolution), the calculated RBV, 
and RBF, will appear as representative parameters that may 
not give absolute measures but may instead be useful for 
qualitative diagnosis, such as the identification of abnormal 
regions or comparison of left and right kidneys. 
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Figure 18.2 Plots of relative signal intensity changes versus 
time during iron-oxide particle transit within normal rabbit 
kidneys. The decrease of signal intensity is related to a T2* 
effect. 


First-pass dynamic studies using intravascular 
agents with a T2* effect 

Once injected intravenously as a bolus, iron oxide particles 
produce dynamic signal-intensity changes based on a T2* 
effect caused by alterations in the local magnetic susceptibility, 
as after Gd chelates for studies of brain perfusion (Figure 
18.2). As these agents are considered as having a unicom- 
partmental distribution within the kidney, regional renal blood 
flow can be calculated (in ml/min/g) according to Stewart and 
Hamilton's central volume theorem: 


rRBF = rRBV x MTT 


where rRBF is the regional renal blood flow, rRBV is the 
regional renal blood volume and MTT is the mean transit 
time. Calculation of rRBV (in ml/g of renal tissue) can be 
estimated using the equation: 


rRBF = k,/p.J C(t)dt/ J Ca(t)dt 


where J C(t)dt is the area under the fitted first-pass concen- 
tration—time curve; J Ca(t)dt is the area under the AIF curve; 
p is the mean renal density (p = 1.04 g/ml) and kp, a correc- 
tion factor taking into account the difference between arterial 
and capillary haematocrits”? (k, is occasionally estimated at 
about 0.73): 

The real MTT is difficult to measure because it would require 
a better understanding of the range of microvasculature struc- 
ture within the tissues. However, it has been shown that the 
first moment of the renal fitted concentration-time curve is a 
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reasonable estimation of the relative MTT (rMTT), subse- 
quently allowing a calculation of the renal perfusion that is 
fairly independent of a vasculature model.” Calculation of the 
real MTT is possible by mathematical deconvolution using the 
equation: 


MTT = J R(t)dt/R(t,) 


where R(t) is the residue function found from the deconvolu- 
tion of C(t) with AIF(t).77 

Because of the marked reduction in T2*, a bolus injection 
of iron-oxide particles produces an initial drop of signal inten- 
sity in the cortex that is secondarily followed by a decreased 
signal intensity in the medulla. Experimental applications 
with Endorem® (Guerbet Group) in rabbits subjected to 
hydronephrosis” or renal artery stenosis,” showed that the 
concentration—time curves of the ischaemic kidneys had a 
lower slope and a higher area under the curve than the 
normal contralateral kidney. In animals having unilateral renal 
artery stenosis, "RBF was decreased and rRBV was increased 
in the ipsilateral kidney.”® 

In a dog study, perfusion measurements based on the 
described indicator dilution theory and deconvolution 
demonstrated that rRBF values measured by MR correlated 


Figure 18.3 Perfusion study with iron oxide particles: 62-year- 
old patient with left-sided high-grade renal artery stenosis at 
MRA (A). Phase-contrast MR-flow measurements (B) reveal a 
significantly flattened flow profile on the left side and normal 
profile on the right side. Colour-coded mapping of the 
regional perfusion (C) shows clearly reduced cortical perfusion 
on the left side with mean values of 229 ml/100 g/min and 
normal perfusion values on the right side with 

350 ml/100 g/min. Scintigraphy (D) confirms the differences in 
renal perfusion of both kidneys at a right-to-left ratio of 77% 
over 23%. The diagnosis is a haemodynamically and 
functionally significant renal artery stenosis on the left side with 
consecutive ischaemic parenchymal damage. (Courtesy of Dr 
Stefan O. Schoenberg and Dr Henrik Michaely, Department of 
Clinical Radiology, Ludwig-Maximilians-University Munich, 
Germany.) 
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with those measured by implanted flow probe, but with 
a tendency to overestimate in the order of 20% in the 
renal parenchyma and about 100% in the medulla.” Mean 
values of rRBF, rRBV and MTT were 524 ml/min/|00 g, 
28 ml/l00 g and 3.4s, respectively. According to the 
authors, the overestimation of RBF measured by MRI was 
thought to be related to an overestimation of RBV, due to an 
inappropriate representation of the AIF observed in a renal 
artery. However, determination of AIF in the suprarenal 
abdominal artery appeared much more robust, but in cases 
of renal artery stenosis (RAS), dispersion of the bolus could 
not be taken into account. Other possible sources of error 
were ascribed to TI contribution at low dosages, an 
improper choice of the constant K used for estimating R2*(t) 
an erroneous k, value due to the fact that knowledge about 
haematocrit value within renal capillaries is limited, especially 
within the medulla where haematocrit changes may be 
complex. 

Application of this quantitative technique to experimental 
models of RAS in dogs and a series of RAS in humans has 
been reported recently.”” In these studies, the acquisition was 
performed in the sagittal plane to sample both the renal 
artery (for AIF) and the kidney. In the dog study, with four 
degrees of stenosis, an increase of MTT and a decreased 
rRBF occurred only for severe stenosis above 90%. In 
patients, a decreased rRBF was noted only for severe steno- 
sis (Figure 18.3) or in kidney suffering from chronic damage 
related to other renal diseases, illustrating the complementary 
role of morphological information provided by MR angiogra- 
phy and haemodynamic data. 


First-pass dynamic studies using intravascular 
agents with a TI effect 

Macromolecular Gd chelates have also been applied to 
renal perfusion evaluation, based on the same mathematical 
models. In a model of RAS in pigs, dynamic contrast- 
enhanced MRI using a new Gd chelate which targets albumin 
within the blood (MS-325, Epix Medical Inc.) demonstrated 
that the measured rRBF appeared comparable to micro- 
sphere measurements, but with a slight overestimation 
(258 + 19.8 vs 198 + 12.2 ml/min/100 g). However, RBF 
did not appear significantly altered, even when the diameter 
reduction exceeded 75%, which may well be explained by 
an intrarenal vascular regulation.” 


First-pass dynamic studies using diffusible Gd 

chelates 

Renal perfusion can also be evaluated with standard Gd 
chelates that are freely diffusible within the interstitial space 
and excreted exclusively by glomerular filtration. Although 
first-pass studies with these agents allow measurement of 
both renal perfusion and glomerular filtration during the same 
acquisition protocol, different assumptions and restrictions 
are put to the imaging scheme in order to calculate either 
renal perfusion or renal filtration. In general, renal perfusion is 
calculated from the first-pass renal curve following an instan- 
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taneous bolus of the contrast agent, which requires both a 
high temporal resolution and absence of recirculation of 
blood. 

The most widely used perfusion model is derived from 
Peters’ model,” developed for nuclear medicine with 
”™Tc-DTPA as the radiopharmaceutical.*' Since "Tc and 
Gd chelates have similar pharmacokinetic properties (around 
10% is diffused into the interstitial space and around 20% is 
extracted by the glomeruli during the first pass), the dynamic 
uptake curves obtained by MRI are comparable with those 
obtained with a gamma camera. Peters et al?! hypothesized 
that before leaving the kidney, the contrast agent behaves like 
microspheres that are trapped in the capillary system during a 
short time interval, inferior to the minimal vascular transit 
time. Therefore, the simple kinetic description of micro- 
spheres can be applied to the initial wash-in of the renal MR 
signal—time curve. Accordingly, renal perfusion is related to 
the amount of contrast medium trapped in the kidney using 
the following equation: 


RBF/CO = Meidney/M total 


where CO is the cardiac output, Mydney is the amount of 
contrast agent trapped in the kidney at a time shorter than 
minimum vascular transit time and M, is the total amount of 
contrast agent injected. As the extravascular leakage of Gd 
chelate is considered to be negligible during the initial first- 
pass, the amount of contrast trapped in the kidney vascu- 
lature is derived from the initial slopes of the renal and aortic 
wash-in curves and the arterial residue function (i.e. the 
integral of the AIF fitted to a gamma variate function). 
Moreover, introducing the arterial changes of RI (A(RI)..) 
allows the calculation of renal perfusion per unit of volume 
using the mathematical expression: 


RBF/vol = max slope,.,,/max A(R I)i 


where A(R1),,, is calculated from the changes in aortic SI using 
a priori knowledge of the Sl-vs-RI relationship that can be 
determined in vitro. Using this method, with a small bolus of 
contrast (0.025 mmol/kg) and a T|-weighted gradient-echo 
sequence, Vallée et al? were able to measure cortical BF 
in 16 normal kidney patients (254 + |16 ml/min/100 g), 
decreasing to 109 + 75 ml/min/100 g in cases of RAS 
and to 51 + 34ml/min/|00 g in cases of renal failure. 
Unfortunately, reference measurements with radiopharma- 
ceutical techniques were not used to reveal the inflow 
detected in aorta and the effects of the saturation observed at 
high Gd concentrations. Note, however, that the anticipated 
inflow effect was accounted for by introducing a flow-sensi- 
tive calibration model.* Such flow-corrected MR measure- 
ments of renal perfusion have been applied to a model of 
reversible RAS in rabbits (Figure | 8.4), demonstrating values 
of cortical RBF that correlated linearly with reference values 
observed with a transit-timed ultrasound flow probe around 
the renal artery. These cortical RBF values were nonetheless 
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Figure 18.4 Arterial and cortical transit curves obtained after injection of GD-DTPA in a rabbit with left renal artery stenosis. SI is 
converted into 1/T1. An important decrease of the maximal slope of the cortical transit curve between the normal right kidney 
and the stenosed left kidney is observed. The calculated cortical perfusion was 26 ml/min before the stenosis was turned on and 
19.7 ml/min after the stenosis was turned on. Reprinted with permission from reference 3. 


systematically underestimated,’ which could be related to a 
limitation of the upslope model at high flow. 

Dujardin et al? generalized the tracer kinetic theory from 
intravascular to diffusible tracers and provided intrarenal maps 
of rRBF and rMTT with sufficient quality to allow accurate 
cortical delineation using deconvolution (Figure | 8.5). 


Figure 18.5 Comparison of relative renal blood flow 
mapping obtained in normal kidneys with dynamic Gd- 
enhanced sequences without (A) and with deconvolution (B). 
Quality of cortical delineation is better with deconvolution. 
(Reprinted with permission from Dujardin et al. MRM 2005, in 
press.) 


Renal perfusion with contrast-enhanced 
steady-state studies using intravascular 
agents 


Once intravascularly confined nondiffusible contrast agents 
are injected into the vasculature, they reach an equilibrium 
phase and the observed SI is then related to rRBV. In a rabbit 
study, iron oxide particles were administered during 
acquisition with T2- or T2*-weighted sequences leading to a 
decrease of SI in all renal compartments, which was greatest 
in the outer medulla.” This intrarenal distribution is in accor- 
dance with several studies demonstrating that the proportion 
of capillaries to tubular structures and interstitial tissue is 
greater in the medulla than in the cortex, with the largest 
percentage in the outer medulla (30% in the inner stripe). In 
addition, the interlobar arteries and veins restricted to 
the cortico-medullary junction are responsible for producing 
large susceptibility effects (Figure | 8.6). 

In a model of medullary ischaemia induced by glycerol, the 
signal change produced by either iron-oxide particles** or 
macromolecular blood pool Gd chelate? was lower in the 
outer medulla, where histological criteria of ischaemia 
predominated.” 

Vascular ischaemia is also considered to be a major 
contributor to contrast media-induced acute renal failure 
(ARF). In an experimental model of radiocontrast nephropa- 
thy, the decreased SI following iron oxide injection seemed 
to be correlated with the reversibility of induced lesions.*°°7 


Renal perfusion with steady-state studies 
using inhalation of pure oxygen 


Molecular dissolved oxygen is a weakly paramagnetic agent 
reducing the T| of the blood without affecting the transverse 
relaxation. Functional imaging of the lung based on these 
changes in TI induced by inhaling pure oxygen has been 


Figure 18.6 12*-weighted sequence obtained on a kidney 
transplant, before (A) and 15 minutes after (B) IV injection of 
iron-oxide particles, showing the maximum drop of signal 
intensity within the outer medulla. Interlobar arteries and veins 
restricted to the cortico-medullary junction are responsible for 
producing large susceptibility effects. 


described by Edelman et al.** Slight TI changes were also 
observed within the brain, myocardium and flowing blood, 
since oxygen can act as a weak intravascular contrast agent. 
This approach has also been employed in the kidney, where 
measurements with a Tl-weighted inversion recovery 
sequence showed a significant increase in SI of the renal 
cortex In humans when pure oxygen was inhaled, whereas 
no change was observed in the medulla (Figure | 8.7).°? This 
technique could potentially be used to evaluate variations in 
cortical arterial blood flow. 
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Figure 18.7 Image from one volunteer obtained using the 
dynamic, inversion prepared TSE sequence. O,-enhanced: 
images are obtained by subtracting mean signal while 
breathing air from mean signal while breathing oxygen. The 
cross-correlation image is superimposed on one of the 
dynamic images. (Reprinted with permission from Jones et al. 
MRM 2002; 47: 728-35.) 


Figure 18.8 Schematic description of the principles of freely 
diffusible tracer theory. Inverted magnetization (white) comes 
from the arterial tree (white arrow) and diffuses through the 
capillary wall. There, spins are exchanged with the tissue 
magnetization (grey) and reduce its local intensity. The degree 
of attenuation is a direct measure of perfusion. Remaining 
tagged magnetization as well as exchanged water molecules 
flow out of the voxel of interest through the venous system 
(grey arrow). (Reprinted with permission from Golay et al. Top 
Magn Reson Imaging 2004; 15: 10-27.) 


Renal perfusion without contrast agents 


Renal perfusion can alternatively be measured using pulsed 
arterial spin labelling (or spin-tagging) using endogenous 
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water as a diffusible tracer (Figure 18.8). With this technique, 
a perfusion-weighted image can be generated by the subtrac- 
tion of an image in which inflowing spins have been labelled 
from an image in which spin labelling has not been 
performed. Quantitative perfusion maps can then be calcu- 
lated (in ml/min/|00 g of tissue) when TI of the tissue and 
efficiency of labelling are known. Several pulse sequence 
strategies have been described to tag arterial flowing spins, 
which can be divided into two groups (continuous or pulsed 
labelling) with different advantages and drawbacks as 
described in detail by Calamante.*° 


Continuous labelling 

Methods based on continuous arterial spin-labelling*! involve 
a train of RF pulses upstream (on the renal artery‘? or on the 
suprarenal abdominal aorta), which saturate flowing spins. 
Then, the labelled spins behave as a freely diffusible tracer to 
reduce magnetization of renal tissue water. Williams et alf? 
improved the efficiency of labelling by using adiabatic inver- 
sion pulses, resulting in a two-fold increase in the difference 
between labelled and unlabelled states. However, these 
continuous labelling methods have some drawbacks. First, 
the method exhibits a relatively long ‘transit time’ between 
the level of labelling and the measured slice, leading to a 
progressive T| relaxation of labelled spins that decreases the 
effect on the magnetization of tissue spins, consequently 
leading to an underestimation of calculated tissue perfusion. 
This effect may also imply that differences in blood flow 
between tissues could be related to differences in their transit 
time,“ which may become especially important in the renal 
medulla as it has a very low mean transit time compared to 
the renal cortex. Second, repeated RF pulses can produce 
saturation of macromolecular spins in the blood, resulting in 
attenuation of free-water signal through magnetization trans- 
fer, leading also to underestimation of calculated perfusion. 
Third, the intravascular signal can be influenced by inflow 
effects, leading to an overestimation of perfusion. However, 
combination of delayed acquisition and flow-crushing gradi- 
ents may compensate for this effect. 


Pulsed labelling 
Methods based on pulsed labelling are not compromised by 
the two major sources of error seen with continuous labelling 
techniques (transit time and magnetization transfer). Instead, 
these methods label spins with the use of a short inversion 
radiofrequency pulse. 

Pulsed labelling can be realized as an echo planar imaging 
sequence with signal targeting with alternating radiofrequency 
(EPISTAR) that perfectly compensates for magnetization 
transfer effects.* This technique is based on four steps: (1) 
saturation of the imaging slice; (2) short pulse-labelling of a 
proximal slab (upstream) allowing the labelled flowing spins to 
enter the imaging plane; (3) image acquisition after a time Tl; 
and (4) a control image with the labelling positioned distal to 
the imaging slice (several variants have been described for 
this). Next, subtraction of two images in which inflowing 


blood is first tagged and then not tagged yields a qualitative 
map of perfusion. 

The flow-sensitive alternative inversion recovery (FAIR)"® is 
based on two inversion recovery images, one with a slice-selec- 
tive inversion (will contain flow information: T| apparent) and 
one with a nonselective inversion (assuming that blood and 
idney relax at the same rate, it will contain no flow information: 
TI). Subtraction of both images generates a value directly 
related to the perfusion. Extraslice spin tagging (EST), also 
denoted as uninverted FAIR (UNFAIR), is an alternative 
technique in which the flow-sensitive image is acquired follow- 
ing inversion of all spins outside the slice of interest, and the 
control image is acquired without any spin labelling. This 
approach is potentially more efficient than FAIR since the 
UNFAIR control image is entirely flow independent and need 
only be acquired once. Note that the transit time effects remain 
a concern with these pulsed labelling techniques, due to 
nonideal slice profile with interactions at the edges of the inver- 
sion slice with the imaging slice. Several solutions to correct 
these interactions have been proposed leading to variants such 
as sequences denoted as QUIPSS (Quantitative Imaging of 
Perfusion using a Single Subtraction) and QUIPSS II.%” 


Applications 
The continuous labelling technique was successfully applied 
ex vivo using pharmacological manipulations of the intrarenal 
vasculature, with a decreased cortical blood flow induced by 
angiotensin II or an increased cortical blood flow induced by 
acetylcholine.“ In an experimental transplantation model, the 
same authors showed that the cortical perfusion decreased 
during rejection and was correlated with the degree of 
rejection. However, this quantification of perfusion was only 
performed in cortex because the medullary transit time was 
too long.*® 
Using the EPISTAR sequence in an experimental model of 


renal artery stenosis in pigs, Prasad et alf? showed that a 


decrease of blood 


flow was 100% sens 


itive and specific for 


detection of 70% renal artery stenoses. Recently, a technique 


associating a FAIR ( 


flow-sensitive alternati 


ing inversion recov- 


ery) preparation and true fast imaging with free precession 
(True-FISP) data acquisition provided very encouraging results 
within the kidneys because of shorter echo time and fewer 
saturation effects (Figure |8.9).°° However, these methods are 
complex to implement in clinical systems and have never been 
properly correlated to established methods. Hence, tts impact 
in clinical practice remains uncertain. 


Renal function 


Glomerular filtration 


Glomerular filtration rate (GFR) is the most useful quantitative 
index of renal function. However, standard methods for 
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Figure 18.9 Perfusion imaging with spin-tagging method in a 
normal volunteer. A: Anatomical image; B: Perfusion-weighted 
FAIR True-Fiso image; C: Quantitative color-coded perfusion 
image. (Reprinted with permission from Martirosian et al. Magn 
Reson Med 2004; 51: 353-61.) 
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measurement of GFR, whether by measuring creatinine 
clearance or substances eliminated exclusively by glomerular 
filtration (e.g. inulin, °'Cr-EDTA, ”"Tc-DTPA), have certain 
limitations. Therefore, a reliable quantitative method based on 
a tracer clearance, obtained rapidly without blood and/or urine 
sampling, coupled with a morphological evaluation of the 
kidneys and the entire excretory system, would be extremely 
useful in the management of patients with renal disease. 

Inulin or iodine contrast agents, Gd chelates such as 
Gd-DOTA or Gd-DTPA, all have a predominant renal 


Figure 18.10 Signal intensity-time curves obtained in a 
patient with left urinary obstruction. A: anatomical image 
showing dilatation of the left pyelocaliceal system; B: signal 
intensitytime curves obtained from regions-of-interest drawn 
on the entire renal parenchyma (excluding pyelocaliceal 
system) on each side, showing three phases: a first abrupt 
ascending segment followed by a first peak, corresponding to 
the ‘vascular-to-glomerular first-pass’ or cortical vascular 
phase; a second slowly ascending segment, ended by a 
second peak, corresponding to the glomerulo-tubular phase; 
and a slowly descending segment, corresponding to the 
predominant excretory function and so-called ‘excretory 
phase’. Areas under the curves have been drawn to calculate 
split renal function. 
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elimination (around 98%) by glomerular filtration without any 
tubular secretion or reabsorption. Therefore, these agents 
can conveniently be used to calculate GFR. 

The sequences used for that purpose have already been 
mentioned. The T|-weighted dynamic sequence must have 
a sufficient time resolution for discrimination of vascular and 
filtration phases on the kidney and for sampling the AIF if 
quantitative measurements are required. If the time resolu- 
tion of the sequence is sufficiently high, normal Sl—time curve 
following Gd injection can be characterized by three phases 
(Figure 18.10): a first abrupt ascending segment followed by 
a first peak, corresponding to the ‘vascular-to-glomerular 
first-pass’ or ‘cortical vascular phase’; a second slowly ascend- 
ing segment, ended by a second peak, corresponding to the 
‘glomerulo-tubular phase’; and a slowly descending segment, 
corresponding to the predominant excretory function and 
so-called ‘excretory phase’. If the ROI is restricted to the 
cortex, the slope of the second ascending segment. is 
decreased. If the ROI is restricted to the medulla, the curve is 
characterized by a biphasic ascending slope, corresponding to 
the vascular and the uptake phases, the later segment reflects 
the tubular transit and progressive concentration, and is 
followed by the excretion phase. 


Semiquantitative measurement of split 
renal function 


Semiquantitative methods of evaluation of differential renal 
function are useful in assessment of patients with asymmetri- 
cal urological disease such as unilateral renal obstruction or 
reflux nephropathy. Here, conversion of SI into Gd concen- 
tration is not necessary. It has been shown that the functional 
parameters calculated from the Sl-time curves obtained with 
a T|-weighted sequence were comparable to those derived 
with gamma camera scintigraphy in terms of simple parame- 
ters such as the maximum peak value, time-to-peak and the 
area under the curve. Although a significantly higher cortical 
time-to-peak value was reported in vascular nephropathies 
than in glomerular nephropathies,”! its role in nephrology is 
not demonstrated. 

Rohrschneider et al?” demonstrated accurate calculations 
of the percentage of the single-kidney ‘activity’, referred to as 
split renal function, relative renal function or differential rena 
function.**°* Note, however, that measurements of these 
semiquantitative approaches are restricted to T|-weighted 
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sequences in combination with a relatively small dose of 


contrast agent to avoid T2* effects (see above). These studies 
were based on a dynamic RF-spoiled gradient-echo 
sequence (TR = |7 ms, TE = 4 ms and RF-flipangle = 90° 
with a temporal resolution of 10 s, a slice thickness including 
the kidney and the pyelocaliceal system and half of a standard 
clinically accepted dose of Gd-DTPA. An ROI is positioned 
around the renal parenchyma (omitting medulla and pelvis), 
and calculation of the relative renal function (RF) is then based 
on the equation: 


RF = AUC (mm?) x S (mm?) 


where AUC corresponds to the area under the glomerulo- 
tubular part of the time—intensity curve (Figure 18.10) and S 
is the ROI area. The split renal function (SRF, in percentage) 
corresponds, for each kidney (SRF, and SRF,), to: 


SRF roa = (RFron/RFe + RF,) x 100 


In both an experimental study of ureteral obstruction” and 
in patients,“°* a high correlation between MR and renal 
scintigraphy was found. In addition, conversion from SI to 
concentration of contrast agent is not necessary, as recently 
demonstrated in rats with acute and chronic ureteral 
obstruction.° 


Quantitative methods 


Single kidney GFR (SKGFR) based on 
intrarenal kinetics 

The requirements to quantify GFR are identical to those 
previously listed for perfusion measurements using T | 
agents. Thus, conversion from SI to the concentration of 
contrast agent is necessary and, secondly, the temporal 
resolution of the employed sequence should be high in order 
to sufficiently sample the changes in SI in both arterial and 
renal segments following an instantaneous bolus of contrast 
agent. However, by introducing advanced models that take 
into account both the first passage of blood and the filtration 
part, it is possible to simultaneously calculate both RBF and 
SKGFR. To calculate GFR, several models have been 
proposed: 


e = The Rutland-Patlak model, which is a two-compartment 
model” based on the assumptions that, during the 
clearance (or uptake) phase, the rate of change of 
concentration in the kidney is constant and no significant 
amount of tracer leaves the kidney.” With MRI, the 
interstitial space is ignored, and Gd is considered to 
mix between the capillary and the glomerular compart- 
ments. This assumption may, however, fail in situations 
where the interstitial space is enlarged (pyelonephritis 
and some examples of acute renal failure), which leads 
to overestimation of SKGFR. The assumption that no 
contrast agent particles leave the ROI during the 
sampling period may justify the use of ROIs encompass- 
ing both cortex and medulla. The model is realized as an 
x-y plot (the Rutland—Patlak plot) using the ratio of the 
renal concentration/aortic concentration against the ratio 
of the integral of aortic concentration/aortic concentra- 
tion. When applied to the second phase of the signal 
intensity—time curve (glomerulo-tubular uptake), this 
plot leads to a straight line, with a slope proportional to 
the renal clearance, and an intercept with the y-axis 
proportional to the cortical blood volume. 3D maps of 


Figure 18.11 
application of the Rutland-Patlak model on voxel-by-voxel 
basis. 


Example of intrarenal 3D GFR mapping after 


GFR can now be drawn, based on 3D acquisitions and 
application of this model (Figure 18.11). 

e The cortical compartment model” is another two- 
compartment model confined to the cortex, derived 
from the Rutland—Patlak model. This model differs firstly 
by the constraints that the outflow from the tubules, 
during the sampling period, is taken into account allow- 
ing ROls to be drawn strictly limited to the cortex, and 
secondly by the fact that the aortic curve is shifted and 
dispersed to take into account the transit time of the 
contrast agent between the aorta and the kidney and the 
tracer dispersion in the glomeruli.’ The residue function 
obtained by the deconvolution of C(t) with AIF(t), 
exhibits three sequential peaks (successively glomerular, 
proximal tubule, distal tubule). The rate constants, Ki 
and Kou describe the flow into and out of the proximal 
tubule. SKGFR can be calculated according to the follow- 
ing equation: 


SKGFR = maximal slope of proximal tubule peak/ 
C(vasc) max 


C(vaSC)ma, IS the ratio of the maximum of the vascular 
peak divided by the RBV, taking into account that the 
contrast agent remains in the extravascular space. The 
SKGFR (in ml/min) is obtained by multiplying the GFR by 
the volume of the renal cortex, considered to be about 
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70% of a healthy kidney volume.%? This method has 
provided more accurate results than the Rutland- Patlak 
model in an experimental study in rabbits, using °'Cr- 
EDTA as a gold standard.” 

e =A third model to calculate SKGFR is an extensive multi- 
compartmental model®? including three cortical compart- 
ments (glomerular, capillary and proximal convoluted 
tubules, as in the previous model), three medullary 
compartments (loops of Henle, distal convoluted 
tubules, collecting ducts) and the collecting system. 
Despite being complex, this model has the advantage of 
assessing some important tubular physiological parame- 
ters. Applied to the passage of Gd into the first two 
compartments, the model allows calculation of GFR. 


Use, in the future, of new classes of contrast agents which 
are freely filtered by the glomerulus but without interstitial 
diffusion may improve results of modelling. The first results 
performed in rats are encouraging.°' 


Single kidney extraction fraction 

Global renal clearance can be calculated with MRI on the 
basis of ex vivo T| measurement of urine and plasma samples 
after IV infusion of a contrast agent,°* according to the above- 
mentioned formula (GFR = U x V/P), Although accurate 
when compared with reference methods, this approach is 
not applied in clinical practice. 

Recently, a quantitative method of in vivo measurement of 
the single kidney extraction fraction (EF) was proposed by 
Dumoulin et alf? and applied to experimental studies by 
Niendorf et al.°**° This method is based on the measure- 
ment of TI within flowing arterial and venous blood (Look 
and Locker method) during continuous Gd infusion whereas 
the steady-state equation can be used: 


SKGFR = EF x RBF x (I — Hct) 


where RBF is the renal blood flow and Hct is the level of 
haematocrit in the blood. The EF is calculated from the 
equation: 


EF = Ca = Cv/Ca 


where Ca and Cv are the arterial and venous Gd concentra- 
tion respectively. Because of the linear relationship between 
relaxation rates and concentration of Gd, EF can be 
expressed alternatively as: 


EF = (I/Tla— I/TIV/(I/Tla — I/Tlo) 


where Tla is TI in the renal artery, T Iv in the vein and Tl, 
in the blood without Gd. Once EF is calculated for each 
kidney, values of SKGFR can be calculated if RBF is known. 
Preliminary animal studies have shown consistent results 
compared to those calculated from inulin clearance. 


186 Functional Imaging of Nephro-Urology 


Tubular function 


The tubular transit and change of concentration of contrast 
agent in tissue can be used as indirect features of renal 
function. Alternatively, we can evaluate either the urinary- 
concentration function using the medullary T2* effect of 
diffusible Gd chelates during water reabsorption, or the 
medullary transit of macromolecular Gd chelates, based on 
medullary T| effect. 


Intratubular concentration of diffusible 
Gd chelate (T2* effect) 


When using an unspoiled gradient-echo sequence (to 
maintain residual transverse magnetization resulting in a 
TI/T2* weighting), with a standard dose of Gd chelate, the 
high concentration of Gd reached inside the kidney is respon- 


Figure 18.12 Dynamic sequence after Gd injection showing 
the biphasic effect of contrast agent within the kidney due to 
a high level of concentration within the medulla (from top-to- 
bottom and left-to-right): at the vascular phase, we note a T1 
effect within cortex then within medulla; at the tubular phase, 
a 12 effect is responsible for a drop of signal within medulla 
then within the pyelocaliceal system. 


sible for a paradoxical signal drop, observed approximately 
30-40 s after the beginning of the cortical enhancement 
(Figure 18.12). The predominant site of signal drop is in the 
medulla, where the tubular concentration of Gd chelates 
increases (by water reabsorption), thus providing a typical 
medullary phase, which has been extensively described in 
rabbits.°’’' The drop in SI demonstrates a centripetal 
progression from the cortico-medullary junction to the 
papilla, starting in the Henle’s loop (the so-called early 
medullary phase), continuing into the collecting ducts (the so- 
called late medullary phase). However, these two medullary 
phases are rarely separated in humans. The strength and 
delay of medullary signal changes depend on sequence 
parameters and on physiological parameters, such as hydra- 
tion and renal function, but are normally symmetrical 
between both kidneys. The duration between the maximal SI 
in the cortex and the signal drop observed in the medulla can 
be used to delineate a more in-depth physiological insight.” 
In experimental nephropathies with severe renal insuffi- 
ciency, the signal reversal in the medulla disappeared.” 

In patients, this duration has been shown as a rough 
estimate for SKGFR and has in fact been shown to correlate 
significantly with creatinine clearance.” This relationship may 
become important in kidney diseases involving unilateral 
impairment, such as unilateral ureteral obstruction,” renal 
lithotripsy” or renal artery stenosis.” In the latter case, detec- 
tion of the ipsilateral functional impairment can be sensitized, 
as with scintigraphy, by angiotensin-converting enzyme 
inhibitors (ACEI). 


Intratubular transit of macromolecular 
Gd chelate (T1 effect) 


Kobayashi et al’”°° have developed new dendrimer-based 
macromolecular contrast agents (<8 nm in diameter and 
<60 kDa molecular weight), which accumulate in the renal 
tubules and allow visualization of structural and functional 
renal damage. These agents are concentrated in proximal 
straight tubules in the medullary rays and outer stripe of the 
outer medulla. In normal mouse kidney, they reach the 
collecting system in 2 minutes (similar to Gd-DTPA), but 
differ from Gd-DTPA measurements since the parenchyma 
demonstrates a layered appearance with alternating light and 
dark bands: (1) a bright band in the subcapsular cortex; (2) a 
dark band in the deep cortex; (3) a bright band in the outer 
stripe of the outer medulla; (4) a dark band in the inner stripe 
of the outer medulla; and (5) a bright inner medulla. In 
models of renal ischaemia (cisplatin injection and ischaemia 
reperfusion), mildly damaged kidneys did not develop the 
bright band in the outer stripe and excretion was delayed, 
while severely damaged kidneys showed a prolonged 
enhancement of the superficial cortex with a low and delayed 
medullary enhancement. Intensity of these changes was 
correlated with severity or duration of ischaemia and 
with degree of renal dysfunction. These patterns are consis- 


tent with the location of tubular cell injury after ischaemia 
(apoptosis and necrosis) in the straight proximal tubule in the 
outer stripe of the outer medulla.®! Therefore, this agent 
could be used in animals as a biomarker of acute ischaemic 


disorder in pharmacological studies. 


Urinary excretion and renal transit 
time 


In acute or chronic obstruction, functional information can 
estimate the severity of renal impairment and help with the 
differentiation between nonobstructed dilated collecting 
system and real obstruction. Nuclear medicine techniques 
are routinely used for these purposes in clinical practice. MRI 
has the ability to associate functional data and morphological 
information on the renal parenchyma and collecting system. 

Rorhschneider et al in an experimental model of urinary 
obstruction,” then in patients,*°* showed that, beside the 
split renal function estimation, classical criteria used in scintig- 
raphy for obstruction could also be used with MRI. More 
recently, the renal transit time measured between the vascu- 
lar enhancement of the cortex and the appearance of Gd 
within the ureter at the level of or below the lower pole of 
the kidney showed good agreement with scintigraphy (Figure 
18.13). These methods are described in more detail in 
Chapter 8 about obstruction. 


Angiotensin-converting enzyme 
inhibitor-sensitized MR renography 


In the presence of significant renal artery stenosis, a drop of 
GFR following administration of angiotensin-converting 
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Figure 18.13 Renal transit time in a 
child with ureteral obstruction on the 
eft side: each image is a maximum 
intensity projection (MIP) of dynamic 
volumes obtained at six time points: 
approximately 30 s (A), 1 min (B), 90s 
C), 2 min (D), 3 min (E) and 12 min 
F) after injection. The right ureter is 
opacified in (E). The left ureter is 
opacified only lately (F). (Courtesy of 
Richard Jones, Emory University 
School of Medicine, Atlanta, USA.) 


enzyme inhibitor can be observed with the different techniques 
described previously in this chapter. Details about applications 
of this method have been described in Chapter | 6. 


Other parameters of renal 
function 


Intrarenal oxygenation 


Under normal conditions, the medullary partial pressure of 
oxygen is low (10-20 mmHg) compared to the cortex 
(50 mmHg). This medullary hypoxia is related to a low 
blood flow and high oxygen consumption due to active water 
and sodium reabsorption by Na*-K*-ATPase pumps along 
the thick ascending limb of the Henle’s loop, located in the 
outer medulla. Therefore, the trade-off for an efficient urinary- 
concentrating mechanism seems to be the delicate balance 
between sufficient oxygenation and medullary hypoxia.® 
Increased tubular work such as that caused by diabetes or 
unilateral nephrectomy, or decreased medullary perfusion 
such as that induced by contrast nephropathy, can easily shift 
the balance towards hypoxia. 

A decrease in intrarenal T2 during hypoxia using spin-echo 
sequences was first described by Terrier et al;® this predom- 
inated in the outer medulla. Then, by using T2*-weighted 
gradient-echo sequences, a decrease in signal intensity was 
demonstrated within the outer medulla during glycerol- 
induced renal ischaemia®* or during hypoxia.” The same 
medullary changes were observed when a vasoconstriction 
was induced after L-NAME (nitric oxide inhibitor) injection.® 
These SI changes were related to variations in intrarenal 
oxygenation based on changes in the deoxyhaemoglobin 
concentration (BOLD, blood oxygen level dependent effect). 
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Figure 18.14 BOLD-sensitive sequence of normal rabbit 
kidneys before (left) and after (right) injection of L-NAME, 
responsible for a renal vasoconstriction: the injection produces 
a medullary hypoxia shown as a drop in signal intensity. 


By using gradient-echo sequences with several TE values, 
intrarenal R2* (R2* = |/T2*) can be quantitated.®° This 
approach provides regional R2* values which appeared, in 
pigs, linearly correlated with measured microelectrode pO, 
values.” Using intrarenal R2* maps in humans, Prasad et al 
reported higher R2* values within the medulla than within 
the cortex in normally functioning kidneys due to the higher 
oxygen consumption in this compartment.®° They showed 
that the medullary pO, was increased by water diuresis (at 
least in young individuals) and by furosemide, which inhibits 
active reabsorptive transport in medullary tubules.°* Such 
changes could not be observed after acetazolamide injection 
acting on cortical proximal convoluted tubules.” They also 
showed that medullary oxygenation in rats was reduced by 
inhibition of the synthesis of prostaglandin” (Figure 18.14) 
and by inhibition of nitric oxide as well as by intravenous injec- 
tion of radiocontrast agents.”! Using high-resolution BOLD 
images of rat kidneys, we showed the highest R2* within the 
outer stripe of the outer medulla,” the compartment 
containing the ascending limbs of loops of Henle. Increased 
tubular work, due to increased GFR in experimental early 
diabetic nephropathy, was responsible for a decrease of 
oxygenation of the outer medulla.” 

In a recent study on a pig model of unilateral dynamic renal 
artery stenosis, Juillard et al’? showed that O, consumption 
decreased and R2* increased (in cortex and medulla) in 
proportional to the degree of reduction of renal blood flow. 

Use of colour mapping of R2* has been proposed by 
some authors to enhance the visual conspicuity of dynamic 
changes in patients.”* Higher field strength, such as 3 Teslas 
magnets, now available for imaging patients, provides a higher 
signal-to-noise ratio and a better spatial resolution.”° 

The applications of this technique to clinical conditions of 
intrarenal regional hypoxia have still to be established. The 
only clinical trial in the pathological situation published to date 
concerns diabetic patients without microalbuminuria, hyper- 
tension or renal insufficiency. Compared to a matched 
control group, these patients had no significant improvement 


of medullary oxygenation after water load,” reflecting a 
probable deficiency in medullary vasodilatation perhaps due 
to reduction of local synthesis of protaglandins, NO or other 
vasoactive substances. 


Renal diffusion imaging 


Water transport is the predominant phenomenon through- 
out the kidney due to its role in water reabsorption and its 
concentration—dilution function. These movements are 
mainly located within the tubular cells. Consequently, useful 
insights into the mechanisms of various renal diseases such 
as chronic renal failure, renal artery stenosis and ureteral 
obstruction may be obtained by measuring the diffusion 
characteristics of the kidney. However, diffusion imaging is a 
challenging technique within the kidney, due to the extreme 
sensitivity of diffusion-weighted sequences to several sources 
of artifacts. 


Technical issues 


In diffusion-weighted sequences, which are also T2 
weighted, the SI decreases when diffusion gradients are 
activated according to the movements of water molecules 
within the tissue. Diffusion imaging is usually performed using 
different diffusion-weighted images with diffusion-sensitive 
gradients applied according to selected ‘b-values’, from which 
a map of the apparent diffusion coefficient (ADC) is made. 
However, the attenuation of SI observed on diffusion- 
weighted sequences depends on two factors. First, it 
depends on the molecular movements within the intra- and 
extracellular spaces that are determined by temperature and 
biological barriers present in the tissue (cellular membranes, 
fibres, organelles, macromolecules, etc.). Second, it depends 
on ‘external’ factors like blood perfusion, magnetic suscepti- 
bility, cardiac pulsation rate and respiratory movements.” 
Many difficulties remain patent for abdominal applications, 
such as susceptibility artifacts originated from bowel gas, 
peristaltic and respiratory movements and arterial pulsatility, 
which is important to consider for kidney applications 
because of the size of abdominal arteries and their high flow 
rates, especially in the renal arteries. 

The effect of arterial pulsatility on SI is often neglected in 
abdominal diffusion imaging, probably due to the increased 
acquisition time imposed by cardiac triggering. However, a 
study by Mirtz et al? demonstrated that using a respiratory- 
triggered diffusion MRI significantly improves the accuracy and 
the reproducibility of ADC values in liver, spleen and kidneys, 
with an optimal delay in the range 500-600 ms, whereas the 
absence of respiratory triggering increases ADC values 
because of a spin-dephasing effect. 

Knowledge of the tissue characteristics is important. in 
order to choose adequate sequence parameters. For 


example if diffusion of water molecules is isotropic within the 
tissue (i.e. randomly oriented), measurement of ADC is 
independent of the direction of the employed diffusion-sensi- 
tive gradients, as generally presented in the liver and most 
tumours. In the kidney, on the other hand, the intrarenal 
structure generates an anisotropic water movement (i.e. 
predominant in one direction), especially within medulla.” 
When diffusion is anisotropic, diffusion coefficient values will 
depend on the direction of diffusion gradients: therefore, the 
only reproducible measurement is the trace of the diffusion 
tensor (ADC trace), which needs either to encode three or 
more directions of space for each b-value, or to use a single 
measurement with an ‘isotropic diffusion preparation’, '°° 
which is less time consuming. 

The choice of employed b-values reported in the different 
renal studies differs markedly. High b-values improve the 
precision of measurements (lower standard deviation) but 
also increase the acquisition time. Therefore, only two 
separate b-values (o = O and b > QO) are typically used in 
diffusion MRI. The maximum b-value has an impact on calcu- 
lated ADC values, i.e. the lower the b-value the higher the 
ADC because of an increased contribution of random ‘exter- 
nal’ factors that are independent of the molecular diffusion. 
To reduce these effects, which are most predominant for 
b < 100s/mm’, it is recommended to use high b- 
values, !?!!°> knowing that they decrease the signal-to-noise 
ratio. A compromise must therefore be found, and in our 
experience three b-values between 0-400 s/mm‘? should be 
used for the kidney; these are relatively lower than those in 
brain (about 0-1000 s/mm”). 

Respiratory control is possible with breath-holding if 
compatible with the scan duration and whenever the cooper- 
ation of the patient is adequate. Echo planar imaging (EPI) 
acquisitions help in that sense. If not, respiratory compensa- 
tion or navigator echoes can be used, but this method has 
never been compared to breath-holding. The scan duration 
depends on the number of slices, number of b-values, 
maximum b-value and number of  diffusion-encoding 
directions. 

In summary, technical constraints for diffusion MRI in the 
kidney are as follows: cardiac gating, breath-holding 
for native kidneys (not necessarily for transplants), three 
diffusion-encoding directions in the renal parenchyma, at least 
two b-values with a maximum between 500 and 800 s/mm?, 
and the use of a single-shot EPI sequence'"'°° or a multishot 
EPI sequence (for better signal-to-noise ratio). 


Applications 


The many technical protocols that exist may explain the 
variability of reported ADC values of normal cortex and 
medulla in the literature. Most renal diffusion studies have 
measured ADC in only one direction’?! due to time 
constraints with the assumption that the molecular diffusion of 
water was isotropic. Ries et al” recently demonstrated that 
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ADC values were higher in the cortex than in the medulla 
and that diffusion in medulla was anisotropic (Figure | 8.15). 
Renal ADC values are lower in neonates and increase 
progressively with age, with the largest increase during the 


Figure 18.15 Diffusion-weighted MR imaging of normal 
human kidney. A: T2 weighted image of the left kidney 
without diffusion weighting (bo = 0). B: ADC-trace map, 
obtained with single-shot echo-planar sequence, and showing 
higher ADC values within the cortex than within the medulla. 
Reprinted with permission from reference 99. 
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first years of life. Hydration has been shown to increase 
global ADC values,'* but the protocol was not optimized. 
Therefore, a new validation should be performed because a 
normalized hydration would be required for clinical studies. 

In acute renal disease, diffusion-weighted imaging could be 
useful to separate cellular oedema from cellular necrosis, i.e. 
assessment of reversible versus nonreversible renal function as 
in acute brain ischaemia. In an experimental model of diabetic 
nephropathy, we showed that the regional ADC values 
decreased in the outer medulla, where ischaemic tubular cell 
lesions occur.” However, the exact role of this method in 
evaluating prognosis of acute renal diseases through the 
characterization of cell viability has still to be defined. 

In chronic renal diseases, including renal artery stenosis 
and ureteral obstruction, a decrease of ADC was noted!**!°° 
and they were highly correlated with serum creatinine 
levels.'°? The idea that development of fibrosis in chronic 
renal diseases could be correlated to a restricted diffusibility of 
water spins and to decreased diffusion coefficients, should be 
explored in the future, with many potential applications such 
as follow-up of chronic rejection in renal transplants. 
Diffusion-weighted imaging can also be used to character- 
ize the tumours, based on structural changes. Depending on 
their type and their grade, tumours present with extremely 
variable perfusion level, cellular density, free water content, 
necrotic areas, i.e. a variable density of tissue barriers to 
water movements.' Therefore, rapidly growing tumours 
should be characterized, in viable and non-necrotic areas, by 
a high density of organelles and cytoskeleton, restricting 
water movements. A decrease of ADC in this type of tumour 
has been verified within the liver, where hepatocarcinomas 
and metastases showed lower ADC than benign tumours,” 
and within prostate!” and kidney, where carcinomas 
presented with very low values of ADG. ''° 


Renal sodium imaging 


Intrarenal sodium distribution is characterized by a cortico- 
medullary gradient, essential for the urinary concentrating 
process. It is closely associated with renal function. In a recent 
study, Maril et al!!! demonstrated the three-dimensional 
intrarenal sodium gradient. Recording of a “Na MR signal 
requires specifically tuned coils. Its resonance frequency is 
53 MHz at 4.7 T. By measuring the sodium RI and R2 in vivo 
as well as in excised kidneys it was shown that changes in SI 
were directly proportional to tissue sodium concentration. In 
normal kidneys, sodium SI increased gradually along the 
cortico-medullary axis, from the edge of the cortex through 
to the outer part of the inner medulla (slope of 0.53 + 0.12 
relative intensity units per mm). Conversion of intensity units 
to tissue sodium concentration units yielded a slope of 
31 + 3 mmol//mm (from 60 mmol/l in the external edge of 
the cortex to 360 mmol/l in the inner medullary edge). 
Furosemide administration as well as urinary obstruction 


produced marked and distinct alterations of medullary 
sodium profiles. The changes in sodium gradient also corre- 
lated with the extent of damage and the residual function of 
the kidneys. Clinical use of this technique has not yet been 
investigated, 


Renal pH MR imaging 


Tissue pH can be measured either by MR spectroscopy or by 
MRI, using intrinsic resonance changes related to pH varia- 
tions or pH-sensitive Gd complexes, respectively. With the 
latter, SI changes are dependent on both pH value and agent 
concentration. Therefore, to measure tissue pH, it is neces- 
sary to inject sequentially two agents with the same pharma- 
cokinetics: one is insensitive (allowing normalization) and the 
other sensitive to pH. Using this technique and a gadolinium- 
based pH-sensitive contrast agent, Gd-DOTA-4AmP*!!* 
Raghunand et al''? computed pH images of the kidney before 
and after acetazolamide administration. Normal kidneys 
showed a pH of 7.0-7.4 whereas the pixels corresponding 
to the papilla and calyces had a pH of 5.75—7. After adminis- 
tration of acetazolamide, carbonic anhydrase inhibitor which 
causes systemic metabolic acidosis and alkalinization of urine, 
PH increased significantly within medulla calyces and ureters 
(pH = 7.5-8) and decreased in extrarenal tissues. 


Cellular MR imaging 


MR imaging of intrarenal 
inflammation 


Macrophages, virtually absent in normal kidneys, may infil- 
trate renal tissues in specific nephropathies such as acute 
proliferative types of human and experimental glomeru- 
onephritides,''* renal graft dysfunctions (rejection and acute 
tubular necrosis)''? and nonspecific kidney diseases such as 
hydronephrosis.''® This macrophagic attraction is a dynamic 
process under the control of chemotactic molecules (Fc 
fragment of immunoglobulins, TGF-B, TNF-o, etc.) and 
expression level of leucocyte adhesion molecules. The 
degree of macrophagic infiltration and proliferation is corre- 
ated with the severity of renal disease, whereas it remains 
unclear if macrophages produce direct renal insults or if they 
are a consequence of the disease in order to regulate the 
inflammatory response. Their role is complex, contributing to 
glomerular and tubulo-interstitial injury through the secretion 
of various cytokines and proteases which induce changes 
in extracellular matrix and progressive fibrotic changes 
(glomerulosclerosis, tubulointerstitial fibrosis). |!” 

The macrophagic activity may vary, depending on the type 
of kidney disease and its severity. It predominates within the 


glomeruli (i.e. within the cortex) in glomerulonephritis, or 
within the interstitium (i.e. diffuse, within all kidney compart- 
ments) in interstitial nephritis or in hydronephrosis. 

Today, in clinical practice, the degree of inflammatory 
response in the kidney can only be approached by renal 
biopsy. Therefore, identification of intrarenal macrophage 
infiltration with a noninvasive technique has great potential 
since it could participate in characterization of the kidney 
disease and its activity and monitor response to treatment. 

lron-oxide particles are used with MRI for in vivo targeting 
of mononuclear phagocytic system cells. Small particles of 
iron oxide (SPIO) are phagocytized by Kupffer cells of the 
liver and are already used in clinical practice.''® Ultrasmall 
superparamagnetic particles of iron oxide (USPIO) are small- 
sized nanoparticles which have a longer half-life in the blood- 
stream (2h in rats and 36h in humans) and are avidly 
captured several hours after intravenous injection by extra- 
hepatic cells with phagocytic activity, which include blood 
circulating monocytes and resident macrophages that are 
present in most tissues. The exact mechanism of iron capture 
is not known and may be cell specific. 

Several models of experimental nephropathies in rats 
were used to demonstrate the detectability of intrarenal 
macrophagic activity in vivo. In a model of nephrotic 
syndrome in the rat'!? USPIO-enhanced MR images 
performed at 24h demonstrated a diffuse decrease of SI 
predominating within the outer medulla. The degree of 
decrease of SI was correlated with the number of 
macrophages within each renal compartment and to the 
amount of iron within the tissue. In a model of obstructed 
kidney the same technique demonstrated a diffuse homoge- 
neous decrease of SI in the three renal compartments. All 
obstructed kidneys demonstrated diffuse macrophagic infiltra- 
tion on pathological examination. '7° 

In a rat model of anti-GBM glomerulonephritis with a 
glomerular macrophagic infiltration similar to the human 
Goodpasture's syndrome, we evaluated the possibility of 
differentiating glomerular from interstitial macrophagic infiltra- 
tion. In this model significant signal drop was observed only in 
the cortex where glomerular lesions were located. The 
intensity of signal drop was strongly correlated with the 
degree of proteinuria at day 2 and day |4.'° 

The same technique was also used in models of acute and 
chronic rejection. 2}! In both situations, medical treatment 
of rejection decreased the MR SI changes. The technique also 
demonstrated macrophagic activity within the medulla in a 
model of reperfusion ischaemia of the kidney and no change 
was noted in the cortex. !”? This is due to a medullary infiltra- 
tion by mononuclear cells, within the lumen of vasa recta, 
which is at a maximum between 48h and 72h after the 
ischaemic injury.'74 

In summary, these experimental results showed that MR 
imaging, 24h after injection of USPIO, can demonstrate 
intrarenal signal variations due to iron ingestion by 
macrophages or by glomerular cells gaining endocytic activity, 
i.e. mesangial cells, and can localize precisely this endocytic 
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Figure 18.16 Patient with renal transplant and acute 
rejection. T2*-weighted MR imaging before (A) and 72 h after 
intravenous injection of USPIO (B) shows a decrease of signal 
related to inflammatory cellular infiltration in all renal 
compartments. 


activity in the different kidney compartments. Different types 
of experimental renal diseases show different and repro- 
ducible types of intrarenal capture of USPIO which reflect 
different patterns of macrophagic infiltration and endocytic 
activity. Moreover, the degree of renal disease appeared to 
be correlated to the degree of endocytic activity, which may 
have significant implications in clinical practice. 

The results of the first clinical study were published 
recently, based on |2 patients. MR imaging was performed 
3 days after USPIO injection (Sinerem®, Guerbet Group) to 
ensure the elimination of signal changes from vascular blood 
volume, knowing that the blood half-life of USPIO is 36 h. All 
patients but one with an inflammatory component on cortical 
biopsy showed a significant decrease of SI after USPIO injec- 
tion (Figure 18.16). Patients with chronic and fibrotic disease 
without an inflammatory component on biopsy did not show 
any significant change. Three patients with acute tubular 
necrosis (two transplanted kidneys and one native kidney) 
showed a significant decrease of SI within the medulla. These 
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preliminary clinical findings seem to corroborate experimen- 
tal results and call for larger multicentre clinical trials, and 
evaluation of imaging at 2 days after injection to reduce delay 
in the diagnosis. 


MR imaging of intrarenal cell 
therapy 


Multipotent stem cells have shown great therapeutic promise 
because of their natural capability of regenerating damaged 
tissues. Noninvasive imaging techniques allowing in vivo 
assessment of the location of stem cells are therefore of great 
value for experimental studies in which these cells are trans- 
planted. Using SPIO preparations to magnetically label cells, 
several groups have demonstrated the feasibility of grafting 
and subsequent visualization of neural progenitor cells in 
spine'”® and brain, '?” and mesenchymal stem cells (MSC) in 
myocardium. '*° MSC can be isolated from the bone marrow 
and expanded in vitro. They can colonize many organs 
including liver and kidney after grafting. Recently, the possibil- 
ity of differentiation of MSC into mesangial cells'*°'?! and of 
haematopoietic stem cells (HSC) into tubular cells was 
demonstrated in vivo. + 

Magnetically labelled stem cells were implanted in the 
heart and central nervous system, providing a high concen- 
tration of cells, with a high T2* effect. While MR imaging was 
able to demonstrate cell migration away from the injection 
site in these two organs, such a migration could not be 
observed within the kidney.'*? The renal distribution follow- 
ing intravascular administration of SPlO-labelled MSC was 
investigated. No renal uptake of labelled stem cells was 
observed in vivo after intravenous administration.'** 
However, labelled MSC within kidney was observed in vivo 
with MRI (1.5 T) following injection into the renal artery.'*’ 
So, this route can be used to seed cells throughout the target 
organ for tissue regeneration or transgene expression. It 
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provides a means to immediately verify if the cells have 
indeed grafted within the target organ. Possibly, it may also 
allow an estimation of the number of cells that were seeded. 
Finally, sequential imaging studies will allow assessment of the 
permanence of the grafted cells over time. 


Conclusion 


MR imaging has a huge potential for noninvasive evaluation of 
multiple parameters of renal function. Semiquantitative 
approaches are now coming into clinical practice, mostly in 
the field of obstructive uropathy. Quantification of renal 
perfusion or glomerular filtration still requires development 
and validation with reference methods. Many technical issues 
remain to be solved including fast RI calculation. It is possible 
that with higher gradient performances and perhaps higher 
field strengths, improvements in acquiring functional informa- 
tion may occur in the near future, permitting wider use of 
functional measurements in clinical practice. 

Finally, USPIO-enhanced MR imaging of the kidney offers 
the possibility of identifying noninvasively the inflammatory 
component within the kidney which may have a major impact 
on subsequent development of fibrosis. Cellular labelling with 
these particles may also help for in vivo monitoring of renal 
stem cell therapies. 
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Technology 


PET scanners 


Positron emission tomography is a rapidly growing field of 
clinical nuclear medicine with most frequent applications in 
oncology and less frequent applications in cardiology and 
neurology. Recent developments have resulted in instru- 
ments that can image the whole body within 10-15 minutes, 
at a spatial resolution of 5-6 mm and counting sensitivities of 
30 cps/Bq/ml.' The advantage of PET is that the images are 
readily corrected for radioisotope decay, radiopharmaceuti- 
cal dose, tissue attenuation and scatter. The concentration of 
the radiopharmaceutical can be calibrated and displayed in 
MBq/ml, kBg/ml/MBq injected dose or mEq/ml. These 
properties of PET make quantification of renal blood flow and 
omerular filtration rate (GFR) straightforward and also make 
maging of molecular targets including enzymes and receptors 
f the kidneys possible. Despite the many advantages, clinical 
pplications of PET are still in their early development. 
Hybrid PET/CT imaging has the advantages that both types 
of images, molecular and anatomical, are immediately avail- 
able, the same bed is used for both scans, which results in 
minimal organ movement, and, last but not least, the scans are 
close in time and can be displayed in a single, integrated image 
set.” ? Of special interest would be combined imaging of a 
molecular target with PET and angiography with CT in 
renovascular hypertension, an approach that has already been 
tested for myocardial imaging.* The accuracy of CT angiogra- 
phy to detect renal artery stenosis is very high” but PET 
could provide information on tissue viability by measuring 
expression of proteins that are upregulated or downregulated 
in hypoxia and other disease states. Technical challenges, such 
as image distortion by respiratory motion are being addressed 
in studies not directly related to renal imaging.® 
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Image acquisition and processing 


Imaging times in renal PET studies depend on the isotope and 
the study type. Renal blood flow studies carried out with O- 
15 labelled water, rubidium-82 or N-13 labelled ammonia 
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can be finished in minutes”! while functional studies of 


glomerular filtration require imaging times of 20-30 
minutes.''! Kinetic investigations of receptor binding or 
metabolism required 60-90 minutes of imaging time,'°!*!? 
which decreases the appeal of these studies compared to 
FDG PET in oncology, where total body imaging can now be 
accomplished in as short a time as 10 minutes.’ 

Four types of PET imaging devices are being used: (a) small 
animal PET scanners for mice and rats; (b) dedicated PET 
scanners for larger animals and humans; (c) hybrid PET/CT 
scanners for human or animal studies; and (d) dual head 
gamma-camera-based coincidence detectors. Small animal 
scanners and dedicated PET scanners are excellent for 
research and the most promising clinical imaging device is 
hybrid PET/CT. Coincidence detectors are not suited for 
renal imaging studies since they offer relatively limited sensi- 
tivity and spatial resolution and do not permit acquisition of 
dynamic PET studies. 

Iterative reconstruction! will have an impact on PET 
imaging studies of the kidneys as it can correct artifacts caused 
by high variance in the regional distribution of the radioligand 
and has the feature of modelling and minimizing tissue atten- 
uation and scatter. The most broadly applied iterative 
method, called ordered-subsets expectation maximization 
(OSEM) algorithm was introduced in 1994 to accelerate the 
convergence time of iteration'* without compromising image 


quality. 


Imaging targets 


The main advantage of PET is that the images provide quanti- 
tative information on tracer kinetics. Kinetic parameters that 
correlate with biologically defined processes can be calculated 
for the entire renal cortex or as pixel-based parametric 
images. Renal PET studies can be classified as functional 
imaging studies, metabolic imaging studies, or molecular 
imaging studies. Examples of functional imaging studies are 
determinations of renal blood flow with O-|5 labelled water, 
Rb-82, N-I3 ammonia or copper-64 PTSM. Functional 
imaging studies also include measurements with tracers that 
are eliminated by glomerular filtration such as Co-55 labelled 
EDTA or Ga-68 labelled DTPA. Metabolic imaging studies 
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can be performed to assess oxidative metabolism with C-| | 
acetate or glucose metabolism with sugar analogues. 

The renin-angiotensin system is attainable for molecular 
imaging; its molecular targets that have been explored include 
the angiotensin-converting enzyme (ACE) and the 
angiotensin II subtype | receptor (AT | R). Glucose analogues 
can be radiolabelled with carbon-| | or fluorine- 18 and their 
accumulation depends not only on the degree of glucose 
metabolism, but also on the expression of related proteins 
such as the membrane glucose transporters and the hexoki- 
nase enzyme. Thus, glucose analogues can be classified both 
as metabolic tracers (i.e. substrates) and molecular tracers 
(i.e. ligands). 


Functional imaging 


Functional imaging of the kidneys with PET has been 
performed for research purposes for a long time and the 
images are quantitative and of excellent quality. Most impor- 
tant functional studies are those used for quantification of 
renal blood flow and for assessment of regional glomerular 
function. 


Renal blood flow 


Renal blood flow can be quantified with O- |5 water (H,'°O), 
rubidium-82, N-13 ammonia, copper-64 PTSM or copper- 
62 PTSM. These tracers are not exclusive for renal imaging, 
however. O-I5 water has been frequently used for 
measurement of cerebral blood flow while Rb-82 and PTSM 
have been used for measurement of myocardial blood flow. 
Blood flow tracers can be divided into two categories: 
category | tracers such as O-15 water are freely diffusible 
between the tissue compartments; category II tracers such as 
Rb-82, N-13 ammonia and Cu-62 PTSM are physiologically 
retained in the tissue. ° 


O-15 water 


The original method of renal blood flow determination with 
H,O was performed in experimental animals and was 
based on short bolus administration of the tracer into the 
renal artery.! No imaging device was available and the 
washout of radioactivity was measured with external probes, 
just like tt was done previously with radioactive inert gases. 
Curve analysis revealed two compartments, one with a flow 
rate of 370 ml/min/|00 g and another with 55 ml/min/100 g. 
The faster component was explained by blood flow in the 
renal cortex and the slower component was explained by 
blood flow in the medulla and remaining tissues. Assuming a 


parallel connectivity model, the compartmental distribution 
was 55% for the fast and 45% for the slower component. 

With present high-resolution PET scanners, individual 
time-—activity curves can be obtained from the cortical and 
medullary volume elements (voxels) and fitted with individual 
monoexponential impulse response functions. The tracer is 
administered into a peripheral vein rather than the renal 
artery and therefore an input function has to be determined 
to estimate renal blood flow by numerical solution of a 
convolution integral. 

After intravenous injection, O-!5 water is transported 
through the cardiopulmonary vasculature and reaches the 
idney via the renal artery. Due to a laminary flow in the large 
vessels, mixing and delay in cardiac chambers and arboriza- 
tion in the pulmonary blood vessels, the radioactive bolus 
becomes largely distorted before it reaches the renal 
parenchyma, but the fraction of radioactivity that reaches the 

idneys during the first pass via the renal arteries will remain 
proportional to the distribution of the cardiac output. Due to 
nearly complete parenchymal extraction and rapid diffusion, 
O-1|5 water will enter all tissue partition within a short period 
of time so that its accumulation can be quantified both by a 
dynamic washin—washout model and a static autoradio- 
graphic model. Both models will yield the renal blood flow. A 
dynamic PET study consisting of a sequence of 5-s images is 
acquired over a period of at least 60 seconds. For the autora- 
diographic method the imaging time must be long enough to 
allow distribution of the radiotracer in the kidneys but short 
enough to avoid tracer washout. Since 20% of water is 
glomerularly filtered during its renal transit, the measurement 
should also be short enough to minimize the counts arising 
from the tubular lumen. The autoradiographic method is 
based on determination of tissue activity. A practical solution 
is to include in the integration a time interval that starts with 
tracer onset and ends with peak organ activity. Advantage of 
the autoradiographic method is that the amount of activity 
that enters the kidney depends on renal blood flow and is not 
influenced by glomerular filtration, tubular extraction or 
reuptake of the tracer from tubuli into parenchyma and the 
renal veins. The dynamic tracer kinetic model of O-|5 water 
is based on the assumptions that all activity is extracted by the 
parenchyma, extraction is very rapid, and tubular transport 
has not started or is insignificant at a level that does not influ- 
ence the calculation of renal blood flow. 

Renal blood flow PET studies have potential applications in 
physiology and pharmacology. Using O-15 water, in pigs 
the average renal blood flow was determined to be 
220 ml/min/100 g.'’ After treatment with ACE inhibitor: 
renal blood flow increased by 22% while the effective renal 
plasma flow (ERPF) increased only by 15%. 

PET imaging with O- 15 labelled water has also been used 
for quantification of renal blood flow in human subjects with 
normal renal function and chronic renal disease.’ The images 
were of exceptional quality (Figure 19.1). Human PET 
studies were obtained after intravenous injection of 
| | 10-1850 MBq (30-50 mCi) O- |5 water dissolved in | ml 


wn 


Figure 19.1 
water. Reprinted with permission from reference 9. 


Renal blood flow images obtained with O-15 


saline. The dynamic PET study consisted of 30 frames, 3 
seconds each. Parametric images were obtained on a pixel 
basis using an arterial input function obtained noninvasively 
from a | cm circular region of interest (ROI) drawn in the 
centre of the abdominal aorta. The diameter of the aorta was 
obtained by sonography and the aorta was modelled as a 
ong cylinder. A partial volume correction table was devel- 
oped for cylinders of various diameters using a point spread 
function that was obtained using a two-dimensional Gaussian 
filter based on the full width at half maximum (FWHM) of the 
PET scanner. A recovery coefficient was derived from these 
correction maps and was used to correct the activity 
estimated in the aorta. The renal blood flow of the kidneys 
measured with this method was 340 + 40 ml/min/!00 g in 
healthy individuals, and was equal in the two kidneys. Renal 
blood flow was not influenced by probenecid, an antagonist 
of the organic anion transporter’ that, on the other hand, 
significantly affected effective renal plasma flow (ERPF) in the 
same subjects. In a group of patients with renal dysfunction 
renal blood flow was 210 + 110 ml/min/I00 g.? 


The microsphere model 


Determination of renal blood flow with radioactive or colour- 
coded microspheres, although a very accurate method, is not 
applicable in human subjects since it may cause ischaemic 
damage of vital organs. The microsphere model is discussed 
here since it has been used for quantification of the renal 
blood flow with category II radiotracers.'° This group includes 
tracers with very high extraction fraction such as gallium-68 
macroaggregated human serum albumin,'® carbon-| | 
methylalbumin microspheres, '””° and Ga-68 microspheres’! 
or with moderately high extraction fraction such as copper 
PTSM and Rb-82. 


Positron emission tomography imaging of the kidneys 199 


In experimental animals, blood flow determination with 
microspheres is based on injection of microspheres into the 
left atrium or left ventricle.” Upon mixing with the blood, 
the microspheres are ejected into the bloodstream and 
dispersed in the circulation according to the distribution of the 
cardiac output. A reference blood sample is collected over 
2-3 minutes from a femoral artery using a Harvard pump at 
speed F,., (in ml/min). The total blood collection time is not 
important as long as it is longer than the time needed for 
complete distribution of the microspheres. Cardiac output 
(CO) in ml/min is calculated from the following equation: 


Atot 
Abi 


where, Ax represents the counts of total injected activity and 
A, represents the activity measured in the blood withdrawn 
with the Harvard pump. If radioligands with longer half lives 
are used, the animal is sacrificed and the kidneys are removed 
to measure tissue activity. If positron emitters such as Ga-68 
or C-| | are used, tissue activity can be measured with PET. 
Renal blood flow is calculated from the counts in the kidney 
(A,) as follows: 


CO = Fe 


RBF = F Ak 
Ay 
If the counts for the entire organ are included in the calcula- 
tion, the resulting parameter will represent blood flow per 
kidney; division by the weight of the organ will yield blood 
flow parameter (or perfusion) in ml/min/g. 


Rb-82 


Rubidium-82 is a generator-produced potassium analogue 
with a physical half life of 75 seconds. Advantages of rubid- 
ium-82 are a high extraction (> 80%) and slow washout in 
the kidneys.” 

The operational equation for determination of renal blood 
flow with Rb-82 is: 


FE 


CAC, = 
T\Ka ia 
P 


where C+ and C, represent tissue and arterial activities, F is 
flow, E is extraction fraction, p is the tissue blood partition 
coefficient and A is the physical decay constant. C,(t) can be 
obtained by sequential blood sampling. C,(t) can also be 
estimated from a time-—activity curve derived from the 
abdominal aorta in which case it has to be corrected for 
partial volume effects. If the tracer is administered by con- 
tinuous infusion rather than bolus injection, an equilibrium 
state is reached and the tissue/blood activity is used to assess 
renal blood flow. This simplified method requires only one 
blood sample and is useful for serial measurements. It has 
been applied in animal models of renal artery obstruction, 
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occlusion and reperfusion. However, it resulted in a nonlin- 
ear correlation with the true renal blood flow measured with 
microspheres.” 


Copper-PTSM 


Copper(ll)-pyruvaldehyde bis (n-4-methylthiosemicarba- 
zone) or Cu-PTSM is a typical category Il tracer. It is radiola- 
belled with positron-emitting isotopes Cu-64 or Cu-62. 
Cu-64 is a cyclotron product with a half life of 12.7 h; Cu-62 
is a generator product with a half life of 9.8 min. Extraction 
fraction of Cu-PTSM is high and its tissue clearance is slow, 
therefore the modified microsphere model is applicable. 
Renal blood flow measured with Cu-PTSM is 
229 mi/min/|00 g in rats and correlates well with the renal 
blood flow obtained with radioactive microspheres.™®” The 
most simple model that has been used is the ‘trapped’ tracer 
model which is basically the microsphere model modified for 
the extraction fraction of the tracer: 


FrefQ tiss 

Q ref E tiss 

where, F represents tissue blood flow, F,e is the arterial sample 
flow rate in ml/min, Qis Is tissue activity, Qyer IS integrated arter- 
ial sample activity and E; is the flow-dependent tissue extraction 
fraction. In rats, comparison with renal blood flow measure- 
ments obtained with Co-57 labelled 15m microspheres 
resulted in an apparent renal extraction fraction value of 93% 
while the apparent extraction in the myocardium was 62%.” 
Both values were higher than the extraction fraction values 
measured during first pass (hence expressing the apparent 
extraction fraction) which indicated that extraction was probably 
not instantaneous and some recirculation of the tracer had 
occurred. In the brain the apparent extraction fraction of Cu- 
PTSM is even higher than 100%. In dogs, renal cortical blood 
flow determined with Cu-PTSM is 300-550 ml/min/|00 g and 
correlates well with the microsphere method.” Correlation 
between flow values determined with Cu-PTSM and micros- 
pheres is much better in the renal cortex than the medulla, an 
effect which can result not only from the inaccuracy of the PET 
technique but also from the documented underestimation of 
medullary flow by microspheres.” 


pe 


N-13 ammonia 


Renal blood flow measurements with N-13 labelled 
ammonia are based on a compartmental model which 
consists of a reversible binding compartment that is serially 
connected with a second, irreversible binding compart- 
ment.”” Parametric images are obtained with the pixel based 
Gjedde—Patlak plot.*°*! The slope of the linear portion of this 
plot is equivalent to renal blood flow, when the effective 
extraction from blood to reversible compartment is close to 
100%.’ Linearity of the plot is achieved when plasma and 


tissue activity are at equilibrium. This requirement is typically 
fulfilled before the tracer reaches the tubular lumen. Renal 
blood flow measured with N-13 ammonia in dogs is 
400 ml/min/|00 g and correlates well with renal blood flow 
values estimated with O-15 water.” 

Using N-13 ammonia a mean baseline value of 
316 ml/min/100 g kidney was obtained in pigs. Four condi- 
tions known to affect renal blood flow were studied. (1) 
Kidneys were subjected to varying durations of warm 
ischaemia, demonstrating a progressive decrease in renal 
blood flow with increasing ischaemic insult. Return to normal 
values was impaired in animals exposed to the greatest degree 
of ischaemia (180 minutes rather than 150 or 120 minutes 
ischaemia). (2) Allograft rejection was produced by cross- 
transplantation of kidneys between animals and the resulting 
decrease in renal blood flow failed to normalize. (3) In unilat- 
eral nephrectomy renal blood flow increased two-fold in the 
remaining kidney by 7 days due to compensatory renal hyper- 
trophy. (4) Lastly, there was an inverse, linear relationship 
between toxic cyclosporine levels and renal blood flow, 
indicative of vascular-mediated cyclosporine nephrotoxicity. 
Thus PET provided quantitative data on the renal blood flow 
in several multiple important physiologic models. '° 


Glomerular filtration 


Tracers that can be used to depict glomerular filtration with 
PET include gallium-68 EDTA and cobalt-55 EDTA. Cobalt-55 
is a positron-emitting radioisotope produced by proton irradia- 
tion of iron with a TA of 18 h. Wistar rats were imaged with 
PET using this tracer'' and chromium 51 labelled EDTA was 
used as a reference. Sequential PET images were processed 
with regions of interest to calculate tissue time-activity curves. 
In animals with normal kidneys the time-activity curves were 
symmetrical. Unilateral kidney function was reduced by cooling 
the organ and the time—activity curves showed reduced ampli- 
tudes in these organs. 

The half life of Co-55 is relatively long but it is balanced by 
a short biological half life so that the radiation dose can be 
kept low in normal renal function or moderate renal dysfunc- 
tion. Human studies with Co-55 EDTA have not been 
reported. 


Metabolism 


C-11 acetate 


Carbon-! | ({''C] acetate) acetate has been developed as a 
tracer of myocardial metabolism. After uptake in the cell, 
acetate is converted to acetyl-CoA and enters the Krebs 
cycle, releasing the radiolabel as [''C] CO. There is a direct 


relationship between oxygen consumption and washout of 
radioactivity from the myocardium.** Renal uptake of [''C] 
acetate is prompt and high target-to-background ratios are 
achieved even if renal function is markedly reduced. The 
metabolic product of carbon-|| acetate is carbon dioxide 
dissolved in plasma which is cleared from the renal 
parenchyma by way of circulation. Renal uptake of [''C] 
acetate is reduced in parenchymal renal disease and haemo- 
dynamically significant renal artery stenosis. '* 

The kinetic model of C-| | acetate is relatively simple with 
only one exponential component in the impulse response 
function. Its renal uptake depends on blood flow and extrac- 
tion of the tracer which is 20-25%. Since (similarly to F-18 
FDG) the extraction fraction is not the limiting step of uptake, 
C-| | acetate cannot be used as a flow tracer.'* However, 
since its renal release largely depends on oxidative metabo- 
lism C-| | acetate is a tracer of oxidative metabolism. 

Nearly linear correlation between the renal uptake and 
release has been described in subjects with normal kidney 
and in patients with renal artery stenosis, diabetic nephropa- 
thy, hypertensive nephropathy and membranous glomerulo- 
nephritis. Marked disassociation of the two parameters 
(release decreased to larger degree than uptake) has been 
found in renal cell carcinoma (rate constant of release 0.1465 
in normal kidney and 0.024 in cancer) which resulted in 
increasing tumour to nontumour ratios and excellent 
delineation of the tumour from the normal kidney. '* 

An important advantage of C-| | acetate is that it is not 
excreted into urine, for this reason it has been used for 
imaging of prostate cancer. Diagnostic accuracy of [''C] 
acetate PET in prostate cancer is higher than the accuracy of 
['°F] FDG PET” and similar to the accuracy of [''C] choline 
PET.” 


Sugar analogues 


Glucose is an important energy resource for the kidneys and 
glucose analogues are discussed in this section as metabolic 
agents although they could also be discussed in the section on 
molecular imaging since their accumulation in the tissues 
largely depends on the expression and function of membrane 
transporters and metabolizing enzymes. 

Glucose transporters (GLUTs) represent a family of facili- 
tative transporters which catalyse the transport of glucose 
down its concentration gradient and into cells of target 
tissues. GLUTI is ubiquitously expressed with particularly 
high levels in human erythrocytes and in endothelial cells 
lining the blood vessels of the brain. GLUT3 is found in 
neurons. GLUT2 is present in liver, intestine, kidney, and 
pancreatic beta cells and functions as part of the glucose 
sensor system.” 

Several glucose transporters have been identified in 
glomeruli including the isoforms GLUTI, 3 and 4, and the 
sodium-dependent glucose transporter subtype |. GLUTs |, 
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3 and 4 are high-affinity, low-capacity proteins. A different 
class of transporters, the sodium-dependent glucose trans- 
porter (SGLT) is also a high-affinity low-capacity transporter. 
Both transporter types can be saturated under normal 
glucose conditions.” Polymorphisms of the glucose trans- 
porters have been indicated in the increased susceptibility of 
the kidneys to the development of nephropathy in noninsulin 
dependent diabetes mellitus.” =? 

GLUT | is the predominant glucose transporter in mesan- 
gial cells. In hypertensive Dahl salt-sensitive (S) rats there is an 
80% upregulation of glomerular GLUT-| protein expression. 
These studies suggest a link between haemodynamic and 
metabolic factors that may cooperate in inducing progressive 
glomerular injury in conditions characterized by glomerular 
hypertension.*° Both angiotensin II and epithelial growth factor 
(EGF) are involved in the regulation of GLUT | expression.“ 

Glucose analogue radioligands have the potential to inves- 
tigate the following important scientific questions: (a) what is 
the expression of glucose transporters and their relationship 
to the development of nephropathy in diabetes; (b) which 
drugs can be used to reduce the activity of glucose trans- 
porters to prevent high glucose-induced diabetic glomeru- 
losclerosis. Fluorine-|8 labelled FDG is the most important 
substrate of the GLUT transporter family but it is not an 
appropriate tracer for imaging glucose uptake in the kidneys 
because it is excreted into the tubular lumen and accumu- 
lated in the renal collecting system. 

In the healthy human kidney, there are at least three differ- 
ent human renal Na*-glucose cotransporters, SGLT|, 
SGLT2 and SGLT3.*” A new class of antidiabetic drugs, deriv- 
atives of phlorizin, are inhibitors of SGLT. Phlorizin deriva- 
tives inhibit glucose uptake in the small intestine and enhance 
glucose excretion in the kidneys by blocking the reuptake.” 
These drugs may become an important tool for imaging the 
SGLT. A glucose analogue that is substrate of the SGLT but 
not of the GLUT, methyl-D-glucoside has been recently 
radiolabelled with carbon-|| by methylation of glucose 
(Figure 19.2). Beta-methyl-D-glucoside is accumulated in 
the kidneys to a higher extent than the alpha-anomer. 
Autoradiography showed that methyl-D-glucoside was 
distributed throughout the renal cortex, suggesting that both 
sodium-D-glucose cotransporters expressed in kidney, 
SGLT | and SGLT2, were involved in ligand binding. Electrical 


CH,OH CH,OH 
(0) (0) 
OH OH 
HO OH HO [110]CH; 
OH OH 
o-D-glucose a-methyl-glucoside 


Figure 19.2 Chemical structure of methylglucoside. 
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Figure 19.3 Renal accumulation of methylglucosides. Ex vivo 
autoradiographic images of mouse kidney slices were 
obtained 30 min after injection of 2’-['*F]fluoroethyl-beta-D- 
glucoside (A = transverse slice; B = coronal slice) or [''C]- 
methyl-aloha-D-glucoside (D = coronal slice). Section C 
represents the same section as A after staining with 
haematoxylin-eosin. C = cortex; OS = outer stripe of outer 
medulla; IS = inner stripe of outer medulla; IZ = inner zone of 
medulla. Bar = 1mm. Reprinted with permission from 
reference 45. 


measurements in Xenopus oocytes revealed that alpha- 
methyl-D-glucoside and beta-methyl-D-glucoside were 
transported by the human SGLT| transporter.” 

[''C]-methyl-o-D-glucoside is mainly accumulated in the 
renal cortex that contains S| and S2 segments of renal proxi- 
mal tubules. No accumulation of [''C]-methyl-o-D-glucoside 
has been observed in the outer stripe of the outer medulla 
because most [''C]-methyl-a-D-glucoside is cleared from the 
glomerular filtrate in the SI and S2 segments (Figure 19.3). 
Another glucoside, 2'-['°F] _ fluoroethyl-beta-D-glucoside 
accumulates in the outer part of the outer medulla, a kidney 
region that contains the S3 segments of renal proximal tubules 
where SGLT| is found. Experimental data suggest that the 
activity of SGLT| in humans can be visualized by 2'-['°F] 
fluoroethyl-beta-D-glucoside, whereas the activity of both 
SGLT| and SGLT2 can be visualized by [''C]-methyl-o-D- 
glucoside.“ 


Molecular imaging targets 


Molecular imaging targets can be either proteins that are 
expressed in the organ of interest or molecules from the 
genetic machinery such as messenger RNA (mRNA). 


Function of membrane transport proteins such as the organic 
anion transporter have been successfully imaged with ligands 
such as "Tc MAG3 for a long time. Other proteins with 
functional importance in the kidneys are enzymes, receptors 
and components of the signal transduction cascades. 


Enzymes 
Angiotensin-converting enzyme 


A deletion/nsertion (D/I) polymorphism of the human 
angiotensin-converting enzyme ACE gene is related to 
14-50% of the interindividual variance in serum ACE activ- 
ity.*° D/ polymorphism has been implicated in the pathogen- 
esis of a variety of cardiovascular disorders, including diabetic 
and IgA nephropathy. 

In patients with nondiabetic renal disease decline of glomeru- 
lar filtration rate is faster in the DD homozygotes than in ID 
heterozygotes or Il homozygotes and patients with the DD 
genotype are resistant to commonly advocated renoprotective 
therapy.*” An association has also been established between I/D 
polymorphism and salt-sensitive hypertension. Hypertensive 
patients with Il and DI genotypes have significantly higher preva- 
lence of salt sensitivity than hypertensive patients with the DD 
genotype.**” On the other hand, myocardial hypertrophy in 
response to exercise (studied only in healthy individuals) is 
stronger in DD and ID carriers than in Il homozygotes.” 
Hormones, such as oestrogen can modulate tissue ACE activity 
and alter ACE mRNA concentrations.°*' PET studies would 
permit measurement of the organ density of the ACE and the 
dependence of enzyme density on genetic polymorphisms, sex 
hormone levels or dietary sodium. PET could also be used to 
study the role of tissue ACE in the development of arterial 
hypertension, renal or cardiovascular diseases. 

The first radioligand introduced for PET imaging of the 
ACE was ['°F] fluorocaptopril. It showed high uptake in 
organs with high ACE concentrations such as the lung, kidney 
and aorta. When different amounts of unlabelled 4-cis-fluoro- 
captopril were coinjected in rats, a dose of greater than 
5 ug/kg decreased the lung uptake by one-half while only 
| Ug/kg decreased the kidney uptake by one half. In general, 
the binding was saturable with the expected capacity. ['°F] 
fluorocaptopril administered to a human also resulted in a 
displaceable uptake in the lung and kidney.” A compartmen- 
tal receptor-binding model has been designed to quantify 
binding of [°F] fluorocaptopril?°* and a study has been 
carried out in humans to determine the dose of ACE inhibitor 
required to specifically block ACE. The combined forward 
rate constant for ['®F] fluorocaptopril, which is proportional to 
the ACE is reduced in primary pulmonary hypertension. Low 
doses of ACE inhibitors were needed to block the effects of 
ACE on vascular remodelling in this disease.” 

More recently a second ACE inhibitor, (4S)-|-[(S)-3- 
mercapto-2-methylpropanoyl]-4-phenylthio-L-proline (zofe- 


noprilat), the active metabolite of the potent ACE inhibitor 
zofenopril calcium, was labelled with carbon-|| achieving a 
radiochemical yield of 5-10% and specific radioactivity from 
0.5-1.5 Cifumol (1 8.5—55.5 GBq/umol). Preliminary in vivo 
human evaluation of the radioligand showed that the drug 
accumulated in organs with high ACE levels such as the lungs 
and kidneys, and in organs involved in drug metabolism such 
as the liver and gall bladder.” 


Farnesyl transferase 


Cellular proliferation is the major characteristic of renal diseases. 
The ras represents a class of regulatory proteins with implica- 
tions in proliferative renal diseases with particular involvement in 
cell differentiation, proliferation, apoptosis and fibrogenesis. The 
activity of ras depends on its anchor to the cellular membrane 
through a farnesyl link. 

Farnesylation of the ras is mediated by the enzyme farne- 
syl protein transferase (FPT) which can be blocked by farne- 
syl transferase inhibitors (FTIs). FTls have been proposed as 
chemotherapeutic agents since they have the potential effect 
to deactivate the Ras protein.” Farnesyl transferase inhibitors 
are also being investigated for the treatment of proliferative 
glomerular diseases.°® The farnesyl transferase inhibitor, (S)- 
| -(3-fluoromethyl-5-iodophenyl)-4-[ 1 -(4-cyanobenzyl)-5- 
imidazoyl]-5-[({''C]-methanesulfonyl)-ethyl]-2-piperazinone 
has been radiolabelled with carbon-!| for imaging the 
kidneys.” Specific binding was very high, 75-99%. 


Angiotensin receptors 


Two major receptor subtypes, AT IR and AT 2R have been 
identified in humans. In rodents there are three subtypes, 
ATlaR, ATIbR and AT2R. In humans the ATIR gene is 
located on chromosome 3 and the receptor is found in the 
kidney glomeruli with high focal density. The receptor is also 
present in the inner stripe of the outer medulla with a more 
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diffuse distribution. The AT 2R receptor gene is located on 
chromosome X. The role of this receptor is less well under- 
stood in the adult organism but it may be involved in the 
regulation of arterial blood pressure with an antagonistic 
effect to the ATIR. 

ATIR mediates most of the physiological effects of 
angiotensin Il including renal blood flow, glomerular filtration, 
sodium and water reabsorption, myocardial contractility 
and aldosterone secretion. Expression of the receptor is 
modulated by many factors, including angiotensin Il, dietary 
sodium, testosterone, oestrogens, stress hormones, ACE 
inhibitors, thyroid hormones and renal hypoperfusion. PET is 
well suited for in vivo examination of ATIR regulation and 
effects of some of the mentioned factors have already been 
investigated using animal models.°'® Significance of human 
studies would be among others that they could provide 
important insights into the regulation of the ATIR by sex 
hormones or into the contribution of ATIR regulation to 
sodium sensitivity hypertension. 

In arterial hypertension AT IR may be upregulated or may 
become hyper-responsive by another mechanisms. Thus, 
hypertension could result from multiple regulatory alterations 
of the renin-angiotensin system: (a) increased total number of 
receptors; (b) increased number of physiologically active 
receptors; (c) inappropriate upregulation of receptors in 
response to sodium intake, stress or altered hormone levels; 
(d) increased concentration of circulating renin and angiotensin 
ll. These multiple possibilities of receptor dysregulation 
prompt the design of three PET imaging paradigms: (1) solitary 
PET measurements to assess the receptor status in health and 
disease; (2) same day repeat PET measurements with short- 
term pharmacological or physiological interventions to assess 
the occupancy and availability of the receptor; and (3) long- 
term, longitudinal PET measurements to study receptor up- 
or downregulation. All three types of experiment have been 
performed in experimental animals.°'°* 

ATIR antagonists are an important resource for the devel- 
opment of radioligands for PET. Nonpeptide, small molecular 
ATIR antagonists have been subsequently developed based 
on imidazole derivatives. One class of ATIR antagonists 
(Figure | 9.4) has a biphenyltetrazole moiety in its structure. 


Valsartan 


Losartan 


Figure 19.4 Biphenyltetrazole ATIR antagonists. 
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Figure 19.5 Radiosynthesis of [''C] L-159,884. L-159,884 is a high-affinity ligand with an ICs of 0.08 nM in rabbit aorta tissue.”* 
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Figure 19.6 Unmetabolized [''C] L-159,884 in dog plasma (left), urine (middle) and kidney (right) at 30, 60 and 90 minutes 
postradioligand injection. Dashed line shows measurements in dogs on low-sodium diet and dotted line shows measurements in 


dogs on high-sodium diet. 


Radioligand development 


Multiple drugs known to have high selectivity and affinity for 
the ATIR have been radiolabelled for PET imaging. These 
radioligands include MK-996 (formerly designated L- 
159,282), L-162,574 and L-159,884. Of these methoxy- 
substituted analogues of MK-996, [''C] L-159,884 demon- 
strated the most favourable biodistribution, radiation dosime- 
try and a lack of urinary excretion (Figure | 9.5). 

Biodistribution studies in mice show rapid radioligand 
uptake in the kidneys, lungs and heart and a rapid plasma 
clearance and high and sustained uptake in the kidneys. 
Specific binding in mouse kidney is 70%. Pretreatment of 
mice with an AT 2R-specific antagonist or adrenergic antago- 
nists confirmed the selectivity of [''C] L-159,884 for the 
ATIR. 

In dogs, clearance of unmetabolized [''C] L-159,884 and 
its replacement by metabolites is very rapid. Essentially all 
activity found in the urine is in the form of metabolites. 
Despite the rapid accumulation and excretion of radioactive 
metabolites, 85-90% of the tissue radioactivity is unmetabo- 
lized [''C] L-159,884 (Figure 19.6), which is favourable for 
PET studies. 

Recently a new radioligand [''C] KR-31173 has been 
developed for imaging the AT IR with PET (Figure 19.7). KR- 
31173 is a derivative of the potent ATIR antagonist SK- 


1080.4667 In biodistribution studies performed in mice, this 
radioligand did not accumulate in the brain but other organs 
showed excellent tissue-to-blood activity ratios with highest 
accumulation in the adrenals, followed by kidneys, liver, lungs 
and heart. Specific binding of the radioligand in the adrenals, 
kidneys, lungs and heart was 90% and was inhibited both 
with MK-996 and with unlabelled KR-31 173.°° PET imaging 
studies of mice, dogs and baboons demonstrated high organ 
uptake and specific binding. [''C] KR-31173 is a promising 
radioligand for human applications. 


PET studies 


PET studies with [''C] L-159,884 have been performed in 
mice, dogs, pigs and baboons with an injected dose of 
370-740 mBq (10-20 mCi) at a specific activity of higher 
than 74 GBq/umol (2000 mCi/umol). The injected mass of 
the drug is always less than 5 ug. A typical dynamic PET study 
lasts 90-100 minutes and images of increasing scan times 
(first scans |5 s, last scans 10 min) are acquired to compen- 
sate for the physical decay of carbon- | |. Monitoring of vital 
signs demonstrates no changes after injection of any of the 
AT I R-specific PET radioligands. 

Both kidneys and the left adrenal are clearly visualized on 
coronal images of dogs obtained after 50 minutes but high 
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Figure 19.7 Radiolabelling of KR-31173 with carbon-11 and comparison to SK-1080. 


liver uptake may interfere with the upper pole of the right 
kidney and the right adrenal (Figure 19.8). In humans it is 
expected that the adrenals will also be easily visualized and 
hybrid PET/CT imaging will help localize the adrenals and 
separate them from the kidneys and liver. 

Imaging studies were performed in dogs before and after 
pretreatment with | mg/kg of the specific ATIR antagonist 
MK-996 to estimate specific binding. The effectiveness of 
MK-996 in blocking ATI receptors was tested by an 
angiotensin I| challenge test. After | mg/kg MK-996, no 
pressure effect of Ang Il was detected, suggesting complete 
occupancy of ATIR. 

Renal time—activity curves derived from the dynamic PET 
studies by means of regions of interest (ROI) analysis revealed 
radioactivities in the kidney cortices at 90—100 min postinjec- 
tion of 110 and 40 Ba/cc/MBq (100 and 40 nCi/ec/mCi) 
injected tracer for the control and inhibition studies, respec- 
tively. This difference corresponded to a displaceable binding 
of 60%. 

Dissociation of [''C] L-159,884 from ATIR in vivo is 
very slow and the drug appears to be insurmountable. 
Time-activity curves derived from the renal cortex have 


Figure 19.8 Coronal images of the kidneys (K) and adrenals 
(A) obtained in a dog 55-95 minutes after intravenous 
administration of [''C] L-159,884. 
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Figure 19.9 ‘Gjedde-Patlak’ plot of [''C] L-159,884 in the 
dog renal cortex calculated from a control and a post-MK- 
996 study. Significant reduction of the slope from 0.03 to 0.01 
illustrates inhibition of radioligand binding due to blockade of 
AT, receptors by MK-996. 


been analysed both by the ‘Gjedde-Patlak plot'®°?! to obtain 
the influx rate constant and by Logan analysis® to calculate 
the distribution volume and binding potential. Pretreatment 
with MK-996 reduced the influx rate constant of the radio- 
ligand from 0.03 to 0.01, consistent with a specific binding 
component of 67% suitable for quantitative PET studies of 
the ATIR (Figure 19.9). In dogs, intravenous administration 
of 0.1, 0.01 and 0.001 mg/kg of unlabelled L-|159,884 
coinjected with the radioactive ligand, results in a reduction in 
specific binding of 70%, 50% and no change, respectively. 
These observations have important implications. When 
injected at high specific activity (0.1 ug/kg), [''C] L-159,884 
will not saturate specific binding sites and kinetic parameters 
of the tracer using compartmental models will be applicable. 
On the other hand, binding of the radioligand is saturable and 
displaceable, consistent with the concept of receptor—ligand 
interaction. 


Imaging receptor regulation 


Longitudinal PET experiments in dogs showed that dietary 
sodium is a major physiologic stimulus of ATIR regulation. 
Paired dynamic PET studies with [''C] L-159,884 and H,O 
were performed in beagle dogs. In the first group of L-H 
animals (n = 7), the first PET study was performed after 2 
weeks of low sodium diet (10 mEq NaCl/day); then, a 
second PET study was performed after 2 weeks on a high 
sodium diet (300 mEq NaCl/day). This group imitated high 
switching diet to high-sodium intake. In the second group of 
H-L animals (n = 7), the opposite schedule was applied to 
mimic elimination of sodium from the diet. Renal cortical 
blood flow (RBF), determined by H,'°O/PET, did not differ 
significantly between animals on low- and high-sodium diets. 


Binding of [''C] L159,884 (expressed as BP), was 54% 
higher in animals on the L-H diet compared to those on the 
H-L regimen. Dietary sodium loading increased glomerular 
as well as renal cortical AT | R by 40-60% compared to levels 
in the glomeruli and cortex in dogs maintained on a sodium- 
restricted diet. Quantitative RT PCR revealed an 18% 
increase in ATI receptor mRNA in the renal cortex from 
dogs on the high-salt diet compared to dogs on a low-salt diet 
and the in vitro parameters Ba and mRNA expression 
correlated positively with the binding potential of [''C] 
L159,884 determined by PET. Thus, increased binding in 
vivo and in vitro occurred concurrently with increased 
expression of AT IR mRNA, consistent with receptor upreg- 
ulation at the transcriptional level. On the other hand, the 
magnitude of increased receptor density was more 
pronounced than the magnitude of the mRNA upregulation, 
suggesting that post-transcriptional amplification mechanisms 
may also play a role in receptor regulation. These experi- 
ments underscore the value of PET as a tool with which the 
physiologically effective concentration of the receptor can be 
measured in vivo. 

PET studies and in vitro binding experiments and mRNA 
determinations were confirmed by autoradiography which 
also demonstrated that the majority of AT receptors in the 
cortex of the dog kidney was of the ATIR subtype and was 
ocated in the glomeruli.©' 

Parameters of ATIR expression were in an inverse 
relationship with plasma renin activity, angiotensin Il and 
aldosterone levels. The dog kidney, which has only one 
ATIR subtype like in humans, represents a clinically more 
relevant model than rodents for studying renal ATIR regula- 
tion. Renal PET images of [''C] L-159,884 predominantly 
reflect changes in glomerular ATIR and may prove to be an 
instrumental tool to investigate mechanisms of human hyper- 
tension and other kidney-related diseases. 


Hypertension 


Human imaging studies of the ATIR have not yet been 
performed since [''C] L-159,884 is not successful in human 
studies (Szabo et al. unpublished data) but other studies 
indicate the possible role of the AT IR in the development of 
arterial hypertension. One of the best correlations in vivo 
investigated so far was found between plasma renin activity, 
plasma angiotensin Il or aldosterone levels on one hand and 
ATIR mRNA levels on the other in peripheral blood cells 
(platelets and mononuclear leucocytes) of primary and 
secondary hypertension, such as primary hyperaldosteronism 
and renovascular disease.’° 

Preliminary PET studies have been performed in dogs with 
renal artery stenosis and [''C] L-159,884 binding measured 
by the binding potential was found to be increased (Figure 
19.10). The binding potential normalized after 3 months. 
Subsequent autopsy revealed extensive collaterals in the area 
of the capsular arteries of the stenotic kidney that could 
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Figure 19.10 Effect of renal artery stenosis on the binding potential of [''C] L-159,884 in the operated kidney (red) and 
contralateral kidney (yellow) of a sham-operated animal (animal # 180) and of an animal with renal artery stenosis (animal # 
179). Graphs are calibrated for a maximum of 300 unitless dimensions since the binding potential is calculated from the ratio of 
k/k, and k; and k, have identical dimensions. For each animal, the first measurement was performed at baseline, the second 
measurement 3 weeks after surgery and the third measurement 3 months after surgery. In the sham-operated animal the binding 
potential was similar for the right and left kidney and reproducible at the three time points. In the animal with renal artery stenosis 
radioligand binding was very high 3 weeks after surgery and returned to normal 3 months after surgery. Normalization of the 
binding potential in this animal is explained by development of extensive collateral blood vessels to the kidney. 


explain the compensatory increase in perfusion of the 
stenotic kidneys and normalization of AT | receptor expres- 
sion. This finding could be of particular significance for similar 
studies performed in humans with renovascular hypertension 
since it indicates that: (1) the ATIR may be a sensitive probe 
of renal ischaemia; and (2) if an equilibrium between organ 
oxygen demand (atrophy) and blood supply (collaterals) 
develops ATIR protein expression may return to normal 
levels. 

Aldosterone-producing adenomas are another cause of 
secondary hypertension. Aldosterone secretion in most 
patients with aldosterone-producing adenomas is typically 
unresponsive to angiotensin II stimulation. In some patients, 
however, plasma aldosterone increases in response to 
angiotensin Il stimulation. This differential aldosterone 
responsiveness has been shown to be related to the levels of 
AT IR in the adenoma.’''”* AT IR is expressed in aldosterone- 
producing adenomas but its density (which is already high in 
the normal gland) is not significantly higher than in nontumor- 
ous adrenal cortex. In Cushing's disease, phaeochromo- 
cytomas and cortical carcinomas AT IR are reduced.” 


Requirements for clinical PET 
imaging of the kidneys 


Rapid spread of PET and PET/CT imaging in oncology can be 
explained by the rapid development of treatment options that 
are based on molecular pharmacology and the variance of 
individual tumours in their response to therapy that can be 
predicted from these imaging studies. FDG PET provides 


images of cancer of very high quality and its sensitivity for 
even relatively small cancer foci is very good. On the other 
hand, specificity of FDG PET scans for cancer detection is 
quite limited if one takes into consideration the normal 
variants of FDG distribution and many diseases, foremost 
inflammations, that can result in accumulation of the radio- 
pharmaceutical and complicate interpretation of images. Of 
great help is inclusion of the anatomical information obtained 
from MRI or CT to improve interpretation of the PET scans. 
It is important to emphasize that not only the need for 
imaging has increased but also the PET technology has 
experienced rapid improvement. 
The success of FDG PET is derived from multiple factors 
including: (1) increased clinical need; (2) improved imaging 
technology; and (3) availability of a widely applicable radio- 
pharmaceutical. We have to consider these three points if we 
want to understand why spread of PET technology into 
nuclear nephro-urology has been so slow until now. First, the 
present techniques apparently suffice to meet the need which 
is focused on measurement of renal function, specifically on 
determination of GFR or quantitative imaging of tubular 
function. Multiple imaging modalities are available including 
MRI, MRA and CT that can provide functional images of the 
idneys with high spatial resolution and excellent image quality. 
For PET imaging to strive in nephro-urology, its necessity 
has to be established. The technology of image acquisition 
and processing is already available. To minimize competition 
with other imaging modalities such as CT or MRI, renal 
imaging must focus on molecular mechanisms. FDG, which ts 
the magical bullet for oncological PET is not the right tracer 
for the kidneys. Its accumulation in renal parenchyma. is 
poorly understood and is unpredictable even in renal cell 
cancer. Delineation of the renal parenchyma is insufficient 
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since the tracer is excreted into the urine. (In contrast to 
other organs, in the kidneys FDG does not follow the kinet- 
ics of glucose completely; it is not a substrate of the SGLT and 
is not reabsorbed from the tubular lumen.) 

An important issue is PET imaging time. It is necessary to 
develop radioligands either with very rapid or with very slow 
dissociation from molecular targets. In the first case rapid 
dynamic studies, in the second delayed single images would 
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Urinary tract infection in children 


20 Introduction 


Isky Gordon 


Urinary tract infection (UTI) in children has been the subject of 
debate and controversy for many decades. As data are emerg- 
ing, so well-held beliefs are thrown into doubt. Imaging has 
been one of the major cornerstones in the investigation of 
children with a proven UTI. This has arisen because there was 
a widely held belief that a UTI in a child identified a susceptible 
population of children in whom active treatment often includ- 
ing surgery could alter the natural history. However the 
advent of routine prenatal ultrasound examinations of the fetus 
coupled with the introduction of °™Tc DMSA scintigraphy and 
the results of a few longitudinal studies have caused serious 
rethinking of the role of imaging, of what kind of imaging 
should be undertaken and in which children. 

The following issues will be discussed in the following 
chapters. 


Why should we image these 
children? 


Hypertension 


The development of hypertension in later life in children with 
a damaged kidney has been accepted as a fact. There are few 
long-term longitudinal studies to evaluate this belief, however 
sustained systemic hypertension in children over one year of 
age is most commonly due to renal disease. There is only 
one true long-term epidemiological study! that shows no 
difference in the blood pressure of children with a UTI when 
comparing those with scars from those without scars. 
However, what is clear is that those children with severe 
scarring had a higher blood pressure than those with less 
severe degrees of scarring. Other workers’ also suggest that 
it is the severe loss of renal parenchyma that leads to hyper- 
tension rather than a focal scar. Data presented by Hansson 
(Chapter 23) showed that a scarred kidney does not predis- 
pose the child to hypertension. During the discussion at the 
La Baule symposium, there was reluctance of the participants 
to disregard the importance of hypertension. However 
should public health measures include the measurement of 
blood pressure in annual school medicals of all children, then 


the detection of renal parenchymal abnormalities in children 
with a UTI would not be necessary from the point of later- 
onset hypertension. 


Renal failure 


The incidence of UTI in children is high, yet the frequency of 
renal failure is very low. This suggests that chronic renal 
failure is a very rare complication of UTI and cannot be the 
rationale for the imaging of children with a UTI. 


Pre-eclampsia 


Another clinical indication in the past for imaging girls with a UTI, 
is the suggested higher incidence of pre-eclampsia in those with 
scarred kidneys compared to those with normal kidneys. 
Hansson (Chapter 23) presents data that do not support this 
teaching. Furthermore, in most of Europe the majority of 
pregnant women attend antenatal clinics where blood pressure 
is routinely measured and urine is tested, so that the develop- 
ment of pre-eclampsia is detected at an early stage. 


There was general agreement that the primary goal of inves- 
tigation of children with UTI is to identify patients at risk (see 
below), prevent further infections and prevent progressive 
renal damage. 


Which children should we 
image? 


The current teaching in many institutions is that one should 
investigate every child with the first UTI. However, every 
paediatrician knows that UTI is not a homogeneous condi- 
tion. Under the umbrella of UTI is included the older girl with 
dysuria and frequency; the very ill child who requires hospital 
admission and intravenous antibiotics; the septic infant and 
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the infant who is off his feeds, is febrile and has a positive urine 
culture. Some institutions then divided children on an age 
basis, with the children under 2 years of age being the most 
difficult diagnostic problem and so receiving more aggressive 
investigations. The challenge of the healthcare professionals is 
to identify that group who do require imaging. In children 
with a UTI, Rossleigh (Chapter 22) points out the difficulty of 
identifying clinically those with and those without renal 
involvement suggesting a Tc DMSA scan is the only way 
forward. However if a renal parenchymal defect has little or 
no long-term consequence, then why identify it? 

The importance of an underlying malformation, the need 
for surgical intervention and the prevention of morbidity 
remain the goals for imaging. To avoid over-investigation of 
many for the discovery of the few who need medical inter- 
vention, the concept of the child at risk or the susceptible 
child was introduced by Hansson (Chapter 23). The identifi- 
cation of the susceptible child is dependent on the clinical 
team, the features are any one of the following: 


Recurrent UTI; 

Bacteraemia; 

Sick infant (hospitalized); 

Unusual organism (non E. coli); 

Clinical signs (poor strearn/palpable kidneys); 

Slow response to treatment; 

Prenatal ultrasound diagnosis of a renal/urinary tract 
abnormality; 

e Recurrent cystitis in a girl (usually over 3 years of age). 


Thus there is now a strong move in many institutions to 
identify this subgroup of children who require imaging and 
move away from imaging all children with a proven UTI. It is 
within this subgroup of children that one will find the children 
with obstructive uropathies, calculus disease, the congenital 
malformed kidneys and the children with bladder abnormali- 
ties. 


What role does VUR play in 
UTI? 


The teaching from the 1960s has been that UTI and VUR 
lead to renal damage, thus VUR became the villain of paedi- 
atric nephrology. Despite numerous publications showing 
that renal damage may occur in children with UTI without 
VUR, nevertheless there is a strong desire to hold on to the 
belief that VUR is the major pathology in acquired 
pyelonephritic scarring. The evidence that VUR is seen in 
30% of most cohorts of children with a UTI studied — yet 
many of these kidneys are shown to be normal on DMSA 
scintigraphy — is ignored by many clinicians. 

In Chapter 23, Hansson presents data that support the 
fact that dilating VUR is associated with damaged kidneys, 


however he also presents data where boys with VUR 
(median age 0.3 years) had more renal damage than girls 
(median age 2.8 years). This strongly suggests that the boys 
are highly likely to have congenitally malformed kidneys 
associated with VUR rather than acquired pyelonephritic 
scarring. Prenatal ultrasound has shown that a group of 
children (mainly boys) are being detected who have both an 
abnormal kidney and vesico-ureteric reflux (VUR). Thus 
highlighting the fact that many children previously considered 
to have acquired reflux nephropathy were likely to have had 
congenitally malformed kidneys associated with VUR, the so- 
called congenital reflux nephropathy. 

Although it has been suggested, in a recent article from 
Hoberman et a? that micturating cystourethrography 
(MCUG) is a first-line imaging test, strong arguments against 
this statement were presented by Hansson and approved by 
the audience at the La Baule meeting. However, although we 
have downgraded the importance of VUR, we must not let 
the pendulum swing to the other extreme and ignore all 
VUR. VUR remains important in children with recurrent UTI, 
and since there is a high chance of bladder dysfunction in this 
group, renal damage may develop with this combination of 
features. Progressive renal damage may occur in the child 
with a prenatal diagnosis of hydronephrosis who has both 
VUR and UTIs. MCU also has an important role when the 
ultrasound detects a bladder or lower ureteric abnormality. 


What is the impact of prenatal 
ultrasound diagnosis on 
imaging children with a UTI? 


Early prenatal ultrasound examinations up to 20-24 weeks of 
pregnancy may not detect any abnormality. However late 
prenatal ultrasound (after 32 weeks gestation) will detect 
most major congenital malformations, but this test is not 
universally undertaken. When a prenatal abnormality has 
been detected, this child then fits into the ‘child at risk’ group. 
There is a need to distinguish between the most commonly 
found abnormality, i.e. isolated renal pelvic dilatation or pelvi- 
ureteric junction dilatation, that very rarely presents with a 
UTI from intermittent dilatation, small bright kidney, big 
bladder of oligohydramnios, all of which require follow-up. 


When should we image? 


If the clinician accepts the responsibility of identifying children 
with a UTI who are at risk, then imaging should start very 
soon after the diagnosis is made. The only exception to this is 
the child with recurrent symptomatic UTIs where imaging 


can be delayed till the infection has been cleared especially as 
this is usually in the older girl. 


How should we image? 


There was agreement that the primary goal of investigation of 
children with UTI is to prevent further infections and prevent 
progressive renal damage. This dictates the imaging strategy 
that one may adopt. There was little debate on the advan- 
tages and disadvantages of the different imaging techniques. 
The strengths and limitations are well described by Dacher 
and Rossleigh (Chapters 2| and 22). 

A strategy suggested by Dacher (Chapter 21) was 
positively considered by the audience at the La Baule sympo- 
sium. Ultrasound should be the first imaging test as this will 
identify hydronephrosis, hydroureter, thick-walled bladder, 
renal and bladder calculi as well as the small kidney and a 
renal abscess. The limits of ultrasound are however in the 
detection of a renal parenchymal defect. This is the role of the 
DMSA scan. For those children identified as ‘at risk’ a DMSA 
scan is then required in addition to the ultrasound. In the 
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presence of a normal ultrasound and DMSA no further 
imaging is required. 

With an abnormal kidney on ultrasound but no 
hydronephrosis, a DMSA scan and a MCUG are required to 
assess individual renal function, parenchymal defects and the 
presence of VUR. 

In the presence of uretero-hydronephrosis, a diuretic 
renogram and a MCUG are required, while in cases of 
isolated hydronephrosis on ultrasound, a diuretic renogram 
without MCUG is required. 
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21 The point of view of the radiologist 


Jean-Nicolas Dacher 


Introduction 


Several imaging modalities are available for the evaluation of 
children with urinary tract infection (UTI). They mainly 
include ultrasound (grey scale, colour and power Doppler), 
”"T c-dimercaptosuccinic acid scintigraphy (DMSA scan) and 
reflux studies. Intravenous urography (IVU), enhanced CT 
and MRI were also considered useful evaluation tools. 
Imaging can be performed: (1) during the acute phase of 
infection; (2) at the end of antibiotic treatment; and (3) several 
months after the acute infection to search for scarring. 

The most common management of a young child with 
UTI is as follows: 


e ultrasound at the acute phase to detect a cause or 
complication; 

e voiding cystourethrography (VCUG) to eliminate 
vesicoureteric reflux; 

e delayed DMSA scan to detect scarring. 


There remains an ongoing debate regarding the optimal 
imaging strategy to apply in children with UTI. For example, 
the utility of ultrasound during the acute phase of infection has 
recently been questioned.'! Some authors have advocated 
DMSA scintigraphy during acute infection. Several different 
examination strategies have been proposed to diagnose 
vesicoureteric reflux. 

The general objective of this review was to assess each of 
the available studies, as well as the most recent technical 
knowledge, in order to suggest a reasonable, cost-effective 
and efficient evaluation using the lowest possible amount of 
ionizing radiation while limiting invasive procedures. 


Which objectives for 
imaging? 


The objectives for imaging children with UTI could be: (1) 
Identify and treat patients with a life-threatening condition 
(particularly in the case of neonates), (2) Prevent renal and 
bladder damage, arterial hypertension and eclampsia. (3) 
Detect children with underlying disease (reflux, voiding 
dysfunction, obstruction). (4) Avoid unnecessary follow-up 


examinations in children who did not have acute 
pyelonephritis (APN) (particularly in under-3-year-olds). 


Which children should be 
investigated? 


There are many different subsets of children with UTI and 
not all require the same imaging management. Among the 
factors to be considered when deciding whether or not to 
perform imaging are: fetal US, age, gender, previous medical 
history, physical signs, voiding dysfunction, renal function and 
course of the disease under treatment. 

Although the question remains difficult, some basic rules 
should be considered. 


e Neonates and infants with fever and a positive urinary 
culture should be imaged during the acute infection to 
detect those with severe disease (abscess, pyohydro- 
nephrosis or acute pyelonephritis), The high rate of 
complications justifies imaging, and US is particularly 
effective in thin patients. 

e The high prevalence of congenital vesicoureteric reflux 
in under-3-year-old children with an initial proven febrile 
UTI justifies a reflux test. Congenital reflux predominates 
in male infants, and in cases of positive family history. 

e Acute phase imaging could be avoided in children or adoles- 
cents with typical uncomplicated acute pyelonephritis. 
Imaging could be limited to children with an unusual course 
of treatment, or infected with uncommon bacteria. 

e Atleast, if one considers that UTI could present a risk of 
late complication (hypertension, eclampsia, renal failure, 
etc.); a delayed DMSA scan should be performed in 
children with a previous medical history of proven acute 
pyelonephritis to evaluate renal contours and function. 


Imaging children with acute 
infection: ultrasound or not? 


Recently, the role of US in the evaluation of UTI in children 
was critically evaluated.! Hoberman et al reported a 12% 
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Figure 21.1 Typical US pattern of acute pyelonephritis. 
Hyperechoic focus of the enlarged lower pole of the left 
kidney. Mild dilatation of the adjacent calyces. 


rate of sonographic abnormalities in a population of children 
with UTI. Moreover, the authors claimed that fetal US should 
be enough to detect all children with urinary tract malforma- 
tion in developed countries. Hence they concluded that, in a 
child with UTI who had normal prenatal scans, US would not 
be relevant. 

This point of view should be weighted by the following 
considerations: 


|. It has been demonstrated that prenatal US alone should 
not be used to evaluate children with congenital 
vesicoureteric reflux, the most frequent malformation 
associated with UTI.?4 

2. Hydronephrosis as a consequence of uretero-pelvic 
junction (UPJ) obstruction can be diagnosed at any age 
of life (even in patients who had normal prenatal 
sonograms) and can become complicated with severe 
infection, 

3. Even in developed countries, communication between 
pre- and postnatal medical teams remains defective.” 


4. Ultrasound is an efficient means of diagnosing infectious 
emergencies such as renal abscess, pyohydronephrosis 
with or without kidney stone. 

5. Ultrasound technique varied among the different 
published studies in regard to acute pyelonephritis.'"°'° 
Not all studies used high frequency scanning and colour 
or power Doppler. These tools can detect subtle abnor- 
malities which have been described in association with 
acute pyelonephritis. Sonography signs were divided 
into two categories: |. Signs of pyelitis include mild dilata- 
tion, thickened pelvic wall (nonspecific for APN), and 
increased echogenicity of the renal sinus.'' Il. Signs of 
nephritis include nephromegaly, triangular hyper- 
echogenicity (Figure 21.1) or rounded hypoechoic area. 
A decreased perfusion on colour/power Doppler 
(spontaneously or after IV infusion of microbubbles) is 
frequent (Figure 21 .2).°’ 

6. In school-age girls with UTI and voiding dysfunction, 
bladder US completes the flowmetry examination (or 
urodynamics) to search for residual urine. '* 

7. At the least, ultrasound scanning is absolutely noninva- 
sive, feasible at the bedside, does not deliver ionizing 
radiation, and remains relatively inexpensive. 


As previously stated, the sensitivity of ultrasound for the 
diagnosis of APN varies greatly among series and institutions 
since the operators (expert paediatric radiologists interested 
in the subject in some studies vs residents or sonographers in 
others), the techniques (prone and supine position scanning, 
use of colour/power Doppler, sedation, injection of contrast 
medium, high-frequency scanning) and equipment are widely 
varied. Even under optimal technical conditions, the diagnos- 
tic accuracy of colour Doppler US for APN ranged from 
80-90%”"'° and remained below that of DMSA scintigraphy, 
enhanced CT or MRI (Figure 21.3). 

We still believe, in spite of a recent study,' that US could 
remain the first-line examination in children with UTI. 
Moreover, follow-up examinations could be conditioned 
by the US results. The following strategies could be 
considered: 


Figure 21.2 Grey scale, power and colour Doppler US of the left kidney in a 1-year-old girl with typical left acute pyelonephritis. 
Grey scale US showed hyperechoic undifferentiated upper pole of the left kidney. Power and colour Doppler showed decreased 
flow. 


If optimal US scanning is completely normal in a child 
with febrile UTI, a DMSA scan could be considered in 
order to definitely eliminate or assess the diagnosis of 
APN. In the absence of any abnormality on both US and 
DMSA scan, VCUG is not necessary. This idea is based 
on the excellent negative predictive value of acute 
DMSA scintigraphy regarding renal scarring.'° The only 
exception to that rule would be the case of a child with 
recurrent infection, 

When US shows dilatation (of the pelvis, ureter or both) 
or any other sign of urinary tract malformation (dupli- 
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Figure 21.3 Five-year-old girl with 
acute pyelonephritis. Excellent 
correlation between power Doppler 
ultrasound (decreased flow) and 
DMSA scan (decreased uptake) at 
the upper pole of the right kidney. 
Both examinations were performed 


COLLIMATEU during the acute phase of infection. 
PROCU 


Figure 21.4 Eight-year-old girl with 
acute pyelonephritis. Colour Doppler 
ultrasound showed decreased flow at 
the upper pole of the left duplicated 
kidney (top left). The upper pole 
ureter was slightly dilated and 
followed down to its vesical 
implantation (bottom left). No 
ureterocele was found. VCUG showed 
reflux into the upper pole ureter which 
was confirmed to be ectopic on 
cystoscopy (right). 


Figure 21.5 Cyclic VCUG in a 
]-month-old baby boy who had UTI. 
The first filling of the bladder did not 
show reflux. Right then bilateral reflux 
were found on second and third 
fillings. 


cated ureter, ureterocele), VCUG is extremely impor- 

tant to assess the anatomy and micturition (see section 

on hydronephrosis) (Figure 21.4). 

If US revealed APN, acute DMSA does not seem 

necessary.'? VCUG could be considered on an age and 

gender basis. 

a. In an under-3-year-old child with a first episode of 
febrile UTI, we would recommend VCUG rather 
than any other reflux test to detect congenital reflux 
(Figure 21.5). The anatomy (urethra in boys) and 
bladder sphincter function (micturition) are well 
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Figure 21.6 Follow-up of voiding 
dysfunction in a young girl. Evaluation 
of the child with associated VCUG 
and flowmetry. Left; pretreatment 
examinations. VCUG showed typical 
spinning top urethra. Low grade left 
reflux was present as well as a right 
bladder diverticulum. Micturition 
(upper curve) was dampened, and 
perineal floor EMG (bottom curve) 
was abnormally active. Right; post- 
treatment examinations. Treatment 
included diet and biofeedback. 
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defined by VCUG. In our experience, isotopic or 

sonographic reflux detection techniques (less or 

nonradiating at all) should be employed for follow-up. 
b. Inthe particular case of school-age girls with APN, it 
is extremely important to diagnose voiding dysfunc- 
tion (oriented interview, flowmetry) and to detect 
scarring by DMSA.'* The frequently associated 
reflux is the consequence of a long-standing high- 
pressure bladder. In most cases VCUG, which is 
not well tolerated in this subset of children, is of 
imited interest. 


Concurrent studies have been proposed to evaluate children 
with acute UTI. Gadolinium-enhanced inversion recovery 
sequences of MRI'° appeared extremely interesting but avai 
ability of equipment has limited their use in research studies. 
Enhanced CT® is also effective but it delivers radiation, 
requires iodine injection and sometimes sedation. Hence, it 
cannot be widely recommended in such a frequent disease. 
Patients presenting with renal abscess, stone and ‘pseudo 
tumour’ (all detected on US) particularly require CT as well 
as children with an unusual course of antibiotic treatment. 

In the setting of acute UTI, US (or CT) can be used to 
guide the placement of a percutaneous nephrostomy tube 
when pyohydronephrosis or a renal or pararenal abscess has 
been diagnosed. 


Voiding cystourethrography 
(VCUG) 


Although several concurrent studies were recently reported, 
VCUG remains the gold standard examination. It permits a 
quick and effective detection of vesicoureteric reflux (when 


performed with the cyclic method). It clearly illustrates the 
male urethra. In addition, VCUG can show micturition and 
help diagnose bladder instability or dysfunctional voiding. 

However, VCUG delivers radiation and requires either an 
indwelling catheter or a suprapubic puncture. For these 
reasons, VCUG should be considered on an individual basis 
and limited in its use and indications. Retrograde or supra- 
pubic approaches are no different in terms of sensitivity. 
While the retrograde route is usually considered more 
invasive, tt does not require preliminary bladder ultrasound. 
After vesicoureteric reflux is detected, it is necessary to 
classify it as congenital or secondary. Over recent years, 
prenatal diagnosis of congenital reflux has become a common 
situation. 

Congenital reflux, a consequence of ureteral meatus 
malformation, mainly occurs in boys. In the recent past, 
prenatal diagnosis of congenital reflux became the most 
common diagnostic condition. Among under-|-year-old 
children, UTI predominates in boys, but reflux is frequently 
absent when prenatal US is normal. The grade of that 
frequently bilateral reflux is usually high at the time of diagno- 
sis and tends to decrease with growth. The rate of children 
who can be managed conservatively is inversely proportional 
to the grade at the time of diagnosis. After 3 years of age, 
congenital reflux in a previously well child becomes a 
questionable diagnosis. 

Secondary reflux can be the consequence of bladder 
sphincter complex dysfunction. Neurogenic bladder should 
be considered and eliminated, but the most frequent cause of 
this type of reflux is voiding dysfunction. Children with voiding 
dysfunction (usually girls) do not require repeated invasive 
procedures. Imaging should be limited to bladder US to 
search for residual urine after micturition and DMSA scintigra- 
phy since the association between voiding dysfunction and 
UTI presents a high risk of scarring. US can be performed 
after noninvasive flowmetry (Figure 2|.6).'° The challenge in 
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Figure 21.7 Enhanced CT scan showing a scarred left 
kidney in a child with a history of pyelonephritis. 


those children is to preserve the kidneys (preventing recur- 
rent infections) and the bladder sphincter function (education, 
diet, biofeedback, physiotherapy, etc.). 


Detection of scarring 


Acute pyelonephritis can lead to renal scars. However, the 
role of APN in the development of hypertension, eclampsia 
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or chronic renal failure was not supported by recent studies. '” 
Detection of scarring is based on DMSA scintigraphy. 
Intravenous urography should no longer be performed in that 
indication. 

DMSA is a cortical marker labelled with technetium 99m 
that provides both morphological and functional informa- 
tion.'® A scar is defined as a defect in the renal outline with 
little or no DMSA uptake. The main difficulty is to differentiate 
acute infection and genuine renal scarring. It is generally 
considered that 6 months after the last episode of infection, 
the scar only is responsible for a persisting defect. However, 
there is a continuing debate on this point.'” 

CT and MR can also show renal scars (Figure 21.7); 
however, those techniques have limitations which have been 
previously discussed. 

In conclusion, there is no consensus on the optimal way to 
image and follow-up children with UTI. However, ongoing 
dynamic research continues to be performed throughout the 
world and fewer questions remain unaddressed. It is likely 
that too much importance has been given to vesicoureteric 
reflux in the past. Efforts should now be made to assess the 
best way to detect children who require treatment, to 
prevent APN renal complications and to preserve the bladder 
sphincter complex function. 
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22 The point of view of the paediatric 
nuclear medicine physician 


Monica A Rossleigh 


Introduction 


Urinary tract infection (UTI) is a common problem. In 
children, 3-5% of girls and 1-2% of boys have had a 
symptomatic UTI.' In Australia, UTI accounts for |.2% of all 
family physician—patient encounters.” UTI may be compli- 
cated or uncomplicated. Complicated UTIs are those that 
occur in the presence of other factors such as obstruction, 
calculi, vesicoureteric reflux, or systemic disease, e.g. 
diabetes. While in adults imaging in UTI only occurs if there is 
a suspicion of complicated UTI, it is widely recommended 
that imaging be undertaken in children after their first UTI.? 
There is widespread but not universal agreement that 
ultrasound examination should be the initial investigation 
when a child presents with a UTI.*? Ultrasound examination 
is undertaken to exclude the presence of hydronephrosis or 
obstruction, to exclude structural abnormalities such as small 
kidneys and ureteroceles and to exclude the presence of 
renal calcull. 
There is currently debate in the literature whether 
cystograms should be undertaken for the detection of 
vesicoureteric reflux (VUR). It is well documented that 
approximately 30% of children with UTI have VUR and that 
VUR may predispose to upper tract involvement with infec- 
tion. However, it has been confirmed by a number of 
workers that UT] frequently occurs in the absence of demon- 
strable reflux.°* 
Acute pyelonephritis in the absence of demonstrable reflux 
is common. Rosenberg found VUR in only 24% of children 
with DMSA scan evidence of acute pyelonephritis. Majd 
found VUR in only 37% of patients with acute pyelonephri- 
tis.” Ditchfield found VUR in 39% of children with acute 
pyelonephritis demonstrated on acute renal cortical scintigra- 
phy.® Conversely, 53% of children with VUR did not have 
upper tract involvement with the acute UTI. The correlation 
between the incidence of renal cortical scarring and the grade 
of VUR has been debated. Farnsworth evaluated | 13 infants 
ess than | year of age at risk of renal scarring.” He demon- 
strated that there was a markedly significant increase in the 
incidence of renal cortical scarring detected on the DMSA 
study in children with high-grade VUR when compared to 
ower grades. Conversely there was also a statistically signifi- 
cant absence of renal cortical abnormalities on the DMSA 


study in children with low-grade VUR when compared to the 
higher grades. Stockland investigated 303 children with UTI 
before 2 years of age and found that there was a significantly 
increased risk of renal damage on the DMSA scan in children 
with dilating, i.e., high-grade VUR.'° On the other hand, in 
two systematic reviews and meta-analyses, it was difficult to 
convincingly show a relationship between VUR and renal 
damage in children with UTI.'''* What are possible explana- 
tions for these opposing findings? It appears clear that on an 
acute DMSA study performed at the time of UTI, there 
appears to be no relationship between the presence of VUR 
and acute pyelonephritis and that on a late scan performed at 
least 3 months from a UTI, the incidence of renal cortical 
scarring is related to the grade of VUR. In the reviews and 
meta-analysis of the literature, a clear distinction may not 
have been made between data obtained from acute studies 
and information obtained from late scans obtained distant 
from the UTI. Another possible source of error is that in a 
significant number of publications, DMSA findings are corre- 
lated with the presence of VUR, without taking into account 
the grade of VUR. 
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Figure 22.1 Direct radionuclide cystogram revealing VUR into 
the right kidney on both filling and voiding. 
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Figure 22.2 A: Indirect radionuclide 
cystogram revealing VUR into a lower 
pole moiety of a left duplex kidney on 
voiding. B: Indirect radionuclide 
cystogram revealing bilateral VUR on 
voiding far more marked on the left. 
C: Indirect radionuclide cystogram 


Left kidney detecting VUR on the right in the last 


eight frames of the acquisition (starting 
just before micturition). On the left side, 
the kidney is clearly visualized on alll 
images: this can be left VUR during 
natural bladder filling, but marked stasis 
could be another explanation and 
should be carefully excluded. 
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The radiological cystogram gives excellent anatomical 
definition and the grade of reflux can be determined using the 
international classification for VUR."? It is essential in the first 
UTI in a male to assess the urethra and to exclude the 
presence of posterior urethral valves. However, the radiation 
dose from a radiological cystogram is in general higher than 
the radiation dose from a radionuclide cystogram. 

Radionuclide cystograms can be performed in three ways: 
direct, indirect and suprapubic. 


Direct radionuclide cystogram 


Bladder catheterization is required as with a radiological 
cystogram. A small amount of radioactivity, e.g. 20 MBq 
technetium 99m-sulphur colloid, DTPA or pertechnetate is 
instilled into the urinary bladder via a bladder catheter and 
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Figure 22.3 A: Normal DMSA study. The top row shows anterior and posterior planar views and the bottom row shows oblique 
posterior as well as posterior pinhole images. B: Normal DMSA pinhole views of the kidneys with prominent columns of Bertin, 
which vary in shape and number. C: Normal DMSA posterior planar images with a prominent splenic impression. D: Normal 
posterior planar DMSA images. The image on the left has movement artefact as evidenced by blurred renal outlines which are 
not present on re-imaging on the right, when no movement has occurred. E: Normal posterior planar DMSA image with 
hypoactive poles, which is a normal variant and is recognized as a classical pitfall. 


normal saline gently heated to body temperature is infused 
into the bladder until voiding occurs. Ten-second dynamic 
images are obtained during filling and voiding and the 
sequence can be repeated while the bladder catheter 
remains in situ (Figure 22.1). The advantage of the direct 
radionuclide cystogram over a contrast cystogram is not only 


the lower radiation dose associated but the ability for a 
longer observation time when compared to the radiological 
cystogram. It should be noted that VUR is an intermittent 
and variable phenomenon and that repeat filling of the 
bladder may demonstrate VUR which is not evident on the 
first fill.'* 
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Figure 22.4 Computer analysis of 
DMSA study with differential renal 
function calculation, renal length 
measurement and normograms for 
renal length at varying age, height 
and weight. 
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Indirect radionuclide 
cystogram 


The advantage of this technique in that a bladder catheter is 
not required but the disadvantage of this technique is that the 
child must be toilet trained. The target group for the detec- 
tion of VUR and the subsequent prevention of reflux 
nephropathy is children under 3 years of age.'° The indirect 
radionuclide cystogram cannot be applied in this group 
because of their inability to void on demand. With this 
technique, VUR can only be detected in the older age group 
in which reflux nephropathy is most likely already established 
or excluded. 

This technique requires the intravenous administration of 
technetium 99m MAG 3. Dynamic renal imaging can be 
obtained. When the child is ready to void approximately 
30-60 minutes postinjection, the child sits with their back to 
the gamma camera and 5-second frame dynamic imaging 
is acquired commencing 30 seconds before voiding until 
micturition is complete (Figure 22.2). 


Suprapubic cystography 


This has recently been described using both the radiological 
approach with the instillation of contrast or by the instillation 
of radionuclide. Oswald and co-workers described the use of 
the instillation of contrast into the bladder by a suprapubic 
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puncture.'® They reported that the mean pain score was 
lower in the suprapubic group compared to children 
examined using the transurethral route. In the group of 
children who underwent transurethral cystography the pain 
score increased with age, whereas in the group where a 
suprapubic puncture was used, the pain score decreased with 
age. Their conclusions were that in children older than 24 
months, the suprapubic approach was preferred. Wilkinson 
described the application of percutaneous direct radionuclide 
cystography in children.'’ He applied this technique to 103 
toilet-trained children aged between 2.1 and 15.6 years. 
Most children preferred the percutaneous suprapubic injec- 
tion when compared to an intravenous injection. He found 
the images easy to interpret and the detection of reflux more 
reliable as it avoided the doubt as to whether the activity in 
the renal areas was due to reflux or excretion when compar- 
ing this technique to the indirect radionuclide cystogram. 

Despite these two papers encouraging the use of this 
technique, this method of the detection of VUR has not been 
widely accepted. 


Renal cortical imaging 
utlizing technetium 99m 
dimercaptosuccinic acid 
(DMSA) 


DMSA is an excellent renal cortical imaging agent and is the 
radiopharmaceutical of choice. Approximately 40% of the 
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Figure 22.5 A: Unifocal pyelonephritis or acute lobar nephronia involving the upper pole of the left kidney (upper row) which 
resolved on the follow-up DMSA study performed 3 months later (lower row). B: Unifocal pyelonephritis of the upper pole of the 
right kidney on the left image which resolved on the follow-up scan performed 9 months later on the right image. Reprinted from 
Nuclear Medicine in Clinical Diagnosis and Treatment, 3rd edition, Ell and Gambir (eds), copyright 2004 with permission from 


Elsevier. 
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Figure 22.6 A: Multifocal pyelonephritis of the left kidney which resolved on follow- 
up studies. B: Multifocal pyelonephritis of both kidneys on the acute study on the 
left which resolved on the follow-up study on the right. Reprinted from Nuclear 


Medicine in Clinical Diagnosis and Treatment, 3rd edition, Ell and Gambir (eds), 
copyright 2004 with permission from Elsevier. 


administered dose accumulates in the distal tubular cells, 
providing excellent visualization of the renal cortex, after 
background activity has cleared. Dynamic tracers with high 
excretion rates such as ””Tc-mercaptoacetyltriglycine 
(MAG3) give less accurate information on renal cortical 
abnormalities and constitute only second-choice tracers. 
Guidelines have been published for the performance of this 
investigation.'*!” The recommended minimum dose is 
15-20 MBq with a maximum adult dose of 100-1 10 MBq. 
The administered dose should be scaled on a body surface 
basis. Images should be acquired 2—3 h after tracer injection 


but if significant hydronephrosis exists, late images (4—24 h) 
or frusemide injection may be helpful. Images should include 
at least a posterior view acquired for a minimum of 200 000 
counts or 5 min using a high-resolution parallel-hole collima- 
tor, and both posterior oblique views. Many experts 
advocate the addition of pinhole images using a 2—4 mm 
aperture insert. Pinhole views are acquired for 
100 000-150 000 counts or for 10 min. 

Some workers add SPECT which may provide useful 
information but can increase the number of false-positive 
results and is more technically demanding during both 
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acquisition and analysis. Motion artefact constitutes a problem 
in SPECT related to the long acquisition time. Pinhole imaging 
is more easily repeated than is a SPECT study. Several 
workers recommend the addition of either pinhole or SPECT 
imaging to the planar studies to increase the level of certainty 
with which renal cortical scintigraphy is interpreted. 

A normal DMSA study exhibits homogeneous cortical 
uptake throughout the kidneys except for a lower concentra- 
tion in the region of the collecting system (Figure 22.3). The 
consensus report confirmed the variety that can be found in 
normal images including flattening of the superolateral aspect 
of the upper pole of the left kidney due to splenic impression 
and prominent cortical columns of Bertin resulting in hetero- 
geneous uptake.'® Differential function calculation can be 
undertaken on the posterior planar view and depth correc- 
tion using geometric mean data from the anterior view may 
also be obtained, although the need for depth correction has 
been questioned.'® Renal length measurements can also be 
obtained and normal ranges have been established (Figure 
22.4), 
DMSA studies are utilized either early to make the diagno- 
sis of acute pyelonephritis or late to detect the presence of 
renal cortical scarring. If the DMSA study is undertaken to 
assess for the presence of chronic damage following UTI, the 
study should not be performed less than 3 months from the 
time of UTI. There is much debate in the literature as to 
the time period between UTI and scanning. The minimum 
period is 3 months, although some workers have advocated 
waiting 6 months or 12 months to ensure that all reversible 
findings due to resolving infection have occurred.'® The 
accuracy of the DMSA study in the diagnosis of acute 
pyelonephritis and chronic renal cortical scarring have been 
established in the piglet model. Rushton and Majd from 
Washington Children’s Hospital confirmed that the changes 
present on the DMSA study at the time of acute pyelonephri- 
tis do correspond to acute infective foci histologically using 
the piglet model.*! Their findings were soon confirmed by 
Parkhouse and co-workers who also validated the sensitivity 
of the DMSA study in the detection of acute pyelonephritis 
using the piglet model.” 

There are three patterns of DMSA scan abnormality identi- 
fied at the time of acute pyelonephritis — unifocal or acute 
lobar nephronia (Figure 22.5), multifocal (Figures 22.6 and 
22.7) and diffuse (Figure 22.8). Scan features to suggest acute 
changes include focal decreased or absent cortical uptake 
without cortical or volume loss, in which the renal cortical 
contour remains intact. 

Rosenberg et al undertook a prospective study evaluating 
UTI in children by DMSA scintigraphy.® The clinicians were 
asked to assess whether children were likely to have upper 
tract involvement with infection on the basis of clinical findings 
or were considered to have lower tract infection. The 
children were classified into two groups. The septic group 
were systemically unwell and had persistent high fever of 
greater than 38.5°C. These children were considered to be 
likely to have acute pyelonephritis. The nonseptic group 
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Figure 22.7 A: Multifocal pyelonephritis of both kidneys in a 
neonate following a cystogram, demonstrating the 
importance of antibiotic propylaxis wnen catheterizing a 
neonate with high-grade VUR. B: Multifocal pyelonephritis of 
the left kidney. 


were those children with a lower fever who were only mildly 
ill. These children were thought to have lower tract infection 
only. Fifteen of 20 children categorized as a septic presenta- 
tion had an abnormal DMSA study, five had a normal scan 
(P = 0.015). On the other hand, of the 45 children with a 
nonseptic presentation |9 had an abnormal DMSA study and 
26 had a normal DMSA study, i.e. no significant difference. It 
was concluded that when the child was assessed as having a 
septic presentation clinically, upper tract involvement with 
infection was likely. However, the converse was not true as a 
nonseptic presentation clinically could not reliably exclude 
upper tract involvement with infection. 
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Figure 22.8 Diffuse pyelonephritis of the right kidney (top 
row), resulting in residual permanent damage on the 13- 
month follow-up DMSA study (bottom row), as evidenced by a 
small right kidney with reduced relative function within it. 
(Reprinted from Nuclear Medicine in Clinical Diagnosis and 
Treatment, 3rd edition, Ell and Gambir (eds), copyright 2004 
with permission from Elsevier.) 


In some centres, the acute DMSA study is undertaken to 
determine antibiotic therapy for UTI. An abnormal DMSA 
study will require the child to have more intensive antibiotic 
therapy. This approach has not been adequately validated in 
the literature although there is some evidence to support it. 
Levtchenko assessed the efficiency of 7 days of intravenous 
antibiotics compared to 3 days of intravenous antibiotics, 
both followed by an oral agent in children with acute 
pyelonephritis. In children treated for 7 days with intra- 
venous antibiotics, the percentage of patients with chronic 
renal cortical scarring on the delayed DMSA study was the 
same whether the children presented early or the diagnosis 
and treatment was delayed for more than | week. However, 
in the group treated for 3 days with intravenous antibiotics, 
there was a significantly higher incidence of sequelae with 
renal cortical scarring on the delayed DMSA study in the 
group of children with a delay in diagnosis and treatment of 
more than | week. 

In approximately 10% of children of any age with a clinical 
diagnosis of acute pyelonephritis, urine cultures are found to 
be either equivocal or negative.” In this group of children, 
the acute DMSA study can be undertaken to confirm the clini- 
cal diagnosis and result in an appropriate management plan. 
Without the DMSA study, the child would remain with the 
diagnosis of a fever of unknown origin. 

A number of centres are using the acute DMSA study to 
determine whether a cystogram is required for the detection 
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Figure 22.9 DMSA study in the pig revealing a scarred left 
kidney and normal right kidney, on planar and pinhole 
images. Reprinted with permission from reference 26. 


Figure 22.10 Normal right 
kidney of the pig confirming 
the normal scan 
appearance. 


Figure 22.11 Extensively 
scarred left kidney of the pig 
corresponding to the scarring 
seen on the DMSA study. 
Reprinted with permission 
from reference 26. 


of VUR.® If the DMSA study is abnormal, a cystogram is 
required whereas if the DMSA study is normal, there has not 
been upper tract involvement with infection and the child can 
be discharged from follow-up. While this approach has been 
advocated by a number of workers, it has still not been 
validated. 
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Figure 22.12 A: Chronic renal cortical scarring of the lower pole of the right kidney, with localized deformity of the normal renal 


outline and associated volume loss seen on the DMSA study. B: Renal cortical scar of upper pole of left kidney, which is 
detected on the posterior planar image on the left but is better delineated on the pinhole image (right panel). 
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Figure 22.13 Extensive scarring of 
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LPO Left Right RPO component of a horseshoe kidney 
seen on the DMSA study. 
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Some workers utilize DMSA studies to assess for chronic 
sequelae once acute infective changes have resolved in the 
kidney. The utility of DMSA scintigraphy in the detection of 
chronic renal cortical scarring has been validated in the litera- 
ture.”° 

Using the pig model, the DMSA findings of chronic scarring 
were confirmed histologically (Figures 22.9-22. 11). The 
features that suggest chronic scarring on a DMSA study are 
defects in uptake associated with cortical thinning and volume 
loss resulting in a localized deformity of the renal outline 
(Figures 22.12 and 22.13), 

The investigation of UTI is still controversial. Many workers 
advocate an acute DMSA study to determine future treatment 
and investigations. It is established that clinical and biological data 
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nephrologist 


Sverker Hansson 


Epidemiology of urinary tract 
infections in children 


Urinary tract infection (UTI) is one of the most common 
bacterial diseases in children. In a study from Göteborg, 
Sweden, of children who were born in 1975, the cumulative 
incidence of symptomatic UT] at 7 years of age was 7.8% for 
girls and 1.6% for boys.' In half of the children, the UTI had 
been associated with high fever, according to the original 
records from hospital or outpatient clinics, and in most of 
these, a diagnosis of acute pyelonephritis was supported by 
aboratory tests. 

The incidence of first-time UTI is highest during the first 
year of life. This is most obvious for boys but also apparent for 
girls. Infections diagnosed during the first years of life are 
mostly acute pyelonephritis. A first-time UTI classified as 
acute cystitis occurs especially in girls of 2-6 years of age. 


Figure 23.1 shows the difference in UTI incidence 
between boys and girls during the first two years of life. These 
children were part of a national UTI study in Sweden during 
the years 1993-95. There were many more boys than girls 
during the first months of life; after 6 months of age girls 
dominated. UTI without high fever occurred mainly during 
the first few months of life. From this study the minimal 
incidence of UTI during the first 2 years of life was estimated 
and the cumulative incidence was 2.2% and 2.1% in boys 
and girls, respectively.’ 


Changing concepts 


The primary goal of investigation of children with UTIs is to 
identify risk factors (such as malformations, vesicoureteral 
reflux (VUR), established renal damage) and also to prevent 
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Figure 23.1 


Age distribution of 2309 children with first-time UTI diagnosed before 2 years of age. 
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further infections and progressive renal damage. For many 
years the policy for investigation has been debated.** There 
is a wide variation from the traditional policy to investigate 
every child with UTI to no investigation at all. Our concepts 
are being changed as new techniques evolve and new knowl- 
edge is added. In this chapter, three important areas 
concerning childhood UTI will be discussed: the role of VUR 
and its treatment, the pathogenesis of renal damage and its 
long-term consequences, and the indications for imaging and 
which techniques to use. 


The role of VUR 


Spontaneous resolution 


VUR is a common finding in children with UTI. In the large 
series from the Swedish UTI study 1993-95, 24% of the 
boys and 36% of the girls had VUR (Table 23.1). The 
children in that study who had dilating VUR (grades II|-V) 
were studied separately and followed for a median of 5 


Table 23.1 VUR in 1953 children below 2 years of 
age investigated after UTI 


VUR Girls (%) Boys (%) 
None 64 76 
Grade | 4 3 
Grade Il 14 9 
Grade Ill 13 7 
Grade IV 4 3 
Grade V ] 2 


years.” The overall chance of spontaneous regression was 
good and occurred in more than half of the patients. 
Resolution was significantly faster in boys than in girls and in 
children with VUR grade III compared with those with grades 
IV-V. It is of interest to note the low frequency of sponta- 
neous regression in girls with the most severe grades of VUR 
(Figure 23.2A, B). The explanation for this is not known, but 
bladder dysfunction may play an important role. 


VUR versus renal damage 


The role of VUR in the pathogenesis of renal damage has 
been questioned. The term ‘reflux nephropathy’ was formu- 
lated in the 1970s in the belief that VUR was responsible for 
almost all kidney damage seen in children with urinary tract 
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Figure 23.2 Spontaneous resolution of dilating reflux grade Ill 
versus grades IV-V in boys (A) and in girls (B). 


infections. Using DMSA scintigraphy it has been shown that 
renal damage often occurs without the presence of VUR, |!!! 
and in two systematic reviews and meta-analyses it was diffi- 
cult to convincingly show a relationship between VUR and 
renal damage in children with UTI.'2'° 

Nevertheless, a close association between VUR and renal 
damage has been demonstrated repeatedly over many years. 
In an unselected population of children with first-time acute 
pyelonephritis in Göteborg during the 1970s, the severity of 
reflux was significantly related to the frequency of scarring on 
urography.'* In a recently published study of 303 children 
with UTI before 2 years of age, there was also a significantly 
increased risk for renal damage on the DMSA scan in both 
boys and girls with dilating VUR.'' Besides, when the extent 
of scarring assessed by DMSA scintigraphy was considered 
(not published) the relationship between renal damage and 
grade of VUR was very clear and highly significant (Figure 
23.3). 
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Figure 23.3 Grade of VUR in relation 
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VUR versus bacterial species 


UTI in childhood is mostly caused by E. coli. However, 
patients with malformation or dysfunction of the urinary tract 
may become infected by other bacterial species despite low 
virulence for the urinary tract. In the Swedish UTI study? 
there was a direct correlation between presence and sever- 
ity of VUR and the proportion of non-E. coli bacteria causing 
the first known UTI. Thus the frequency of non-E. coli was 
7% in children with VUR grade |, 10% in those with grade Il, 
15% in those with grade Ill and 40% in those with VUR 
grades IV-V (Figure 23.4). These findings are in agreement 
with previous publications. |'''° 


VUR versus recurrences of UTI 


Children with dilating VUR are highly susceptible to recurrent 
UTI. In the previously mentioned Swedish UTI study 
pyelonephritic recurrences occurred in 18% of the boys and 
in 28% of the girls with VUR grade IIl, while the correspond- 
ing figures for children with VUR grades IV-V were 45% and 
70%.” In view of the high incidence of recurrent pyelonephri- 


tis it can be questioned whether the present practice of giving 
antibacterial prophylaxis to almost all children with dilating 
VUR is rational. In fact, no controlled study has demonstrated 
the efficacy of prophylaxis compared to placebo in preventing 
pyelonephritis or permanent renal damage. 


Management of VUR 


There have been several studies comparing surgical treat- 
ment and long-term prophylaxis.'° Today reimplantation has 
been almost completely replaced by endoscopic subureteric 
injection. However, there are still many unanswered 
questions concerning the management of children with dilat- 
ing VUR. What are the indications for the endoscopic proce- 
dure? Does it prevent recurrences? Does it prevent kidney 
damage? What is the value of prophylaxis? Is it good clinical 
practice just to observe these children starting prompt 
antibacterial treatment in cases of UTI recurrence? Studies 
addressing these questions are needed. An ongoing study, 
the Swedish Reflux Study, with three treatment alternatives 
(endoscopic injection, prophylaxis and a nontreatment obser- 
vation group) was set up to answer some of these questions. 
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The endpoints after 2 years of follow-up are renal status 
according to DMSA scintigraphy, number of recurrent UTIs 
and reflux status. 


Pathogenesis of renal 
damage 


UTI is associated with permanent renal damage. The 
frequency with which damage is found in children who have 
had febrile UTI depends on the sensitivity of the imaging 
technique used to reveal the damage, and also on the timing 
of the investigation. This can be illustrated by a study of |57 
children (median age 0.4 years, range 5 days to 5.8 years) 
assessed at the time of their first symptomatic UTI and one 
year later by DMSA scintigraphy as well as urography.'° At the 
time of the UTI 68 (43%) of the children had abnormal 
findings on scintigraphy and 10 (6%) on urography. One year 
later the corresponding figures were 59 (38%) and 18 
(11%). It is evident that DMSA scintigraphy has a higher sensi- 
tivity to detect renal damage, but also that some of the early 
uptake defects will disappear. Urography will reveal more 
cases with damage after one year than at the time of the UTI 
as the scarring process progresses. 


Congenital versus acquired 
renal damage 


Permanent damage may have developed in utero (congeni- 
tal) or be acquired as a sequel of renal infection. When 
permanent renal damage is detected in older children and 
adults it is usually not possible to distinguish between congen- 
ital and acquired damage, especially when there have been 
recurrent UTIs. Although this distinction is difficult, there are 
some important differences. Risdon pointed out that among 
those with permanent renal damage detected in the early 
postnatal period there was a preponderance of boys, there 
was a close association with gross reflux, and damaged 
kidneys tended to be small with smooth outlines rather than 
segmentally scarred.'”'® These results were corroborated in 
a study of an unselected group of | 221 children prospectively 
followed from their first symptomatic UTI.” In this cohort, 74 
children were ultimately found to have permanent renal 
damage by urography (renal scarring). There were significant 
differences between the 21 boys and 53 girls with damage. 
The median age at the first UTI was 0.3 years in the boys and 
2.8 years in the girls. Damage was already present at the first 
urography in 18 of the 21 boys and the damage was general- 
ized in 15. VUR with dilatation was seen in 12 of the boys 
with damage on the first urography. Damage was seen on the 
first urography in 16 of the 53 girls and was generalized in six. 


VUR with dilatation was seen in only three of the girls with 
damage on the first urography. Thus the damage was 
congenital in the majority of the boys whereas it was acquired 
in most girls. Furthermore, the most important factor associ- 
ated with development of renal scarring in the girls was the 
number of attacks of febrile UTI. 

There is also a gender difference with a male predomi- 
nance among infants with primary reflux detected after a 
prenatal diagnosis of hydronephrosis.”°*! Yeung et al, in 
children with antenatally diagnosed hydronephrosis, found 
that boys had dilated reflux and renal damage whereas girls 
had mild reflux but normal kidneys.” 


Long-term complications of renal 
damage 


Although most children with UTIs have an excellent long- 
term prognosis, there is a risk of serious complications in a 
small group. There may be impaired renal function, 
sometimes leading to renal insufficiency and even end-stage 
renal disease, hypertension and complications of pregnancy. 
However, in children without congenital renal damage, i.e. 
children with exclusively acquired damage due to 
pyelonephritis, this risk may be considerably smaller than 
previously assumed, at least in societies with a good medical 
healthcare system with a high detection rate of infants and 
small children with UTI. 


Impairment of renal function 


In a Swedish survey (total population 9 million) no child with 
a glomerular filtration rate below 30 ml/min/1.73 m? because 
of UTI was detected during the years 1986-94.” It is impor- 
tant to note that in this study all children with hypoplasia or 
dysplasia were classified in the malformation group. 

In Göteborg a follow-up study was performed | 6-26 
years after the first recognized UTI in childhood in 57 with 
renal damage and 51 matched patients with normal 
kidneys.** They were a subgroup of an unselected cohort of 
1221 cases with first-time UTI in the community during the 
years 1970-1979. The median glomerular filtration rate 
(GFR) measured by chromium?!-edetic acid clearance was 
99 ml/min/|.73 m” in both groups. There were eight individ- 
uals with GFR below 80 ml/min/|.73 m? and the lowest 
value was 69 ml/min/|.73 m°. In patients with unilateral 
scarring the total GFR remained unchanged over the years 
whereas the individual GFR of the scarred kidneys declined 
significantly from 46 to 39 ml/min/|.73 mê. In seven patients 
with bilateral scarring GFR was significantly lower at follow-up 
than in those with unilateral scarring, 84 and 
101 ml/min/|.73 m’, respectively. Thus, the renal function 
was well preserved and the risk of renal impairment in these 


young adults was lower than previously described, most likely 
as a consequence of early detection and close supervision 
during childhood. 


Hypertension 


Development of hypertension has been found in 10-30% of 
children and young adults with pyelonephritic renal 
scarring.” °° The risk seems to correlate with the extent of 
damage. However, there is reason to believe that the 
frequency of hypertension in these studies is higher than 
would be found in unselected cases of childhood UTI treated 
according to principles used during recent decades. In a 
population-based study from Göteborg, 54 women with 
renal scarring were followed continuously for a median of 23 
years from the 1950s and 1960s; three (6%) developed 
hypertension.” In the follow-up study from Göteborg 
described above,”* we also performed ambulatory 24-hour 
blood pressure monitoring |6—26 years after the first UTI in 
childhood. There was no difference between the two 
groups with and without renal scarring, not even when 
patients with more extensive or bilateral scarring were 
analysed separately. These promising results indicate that at 
least from the perspective of 20 years from childhood, good 
care may be effective in minimizing long-term risks. 


Pregnancy complications 


Women who had a tendency to recurrent UTIs as girls 
also have an increased risk of new infections during 
pregnancy.” >! Women with renal scarring have a significant 
rise of blood pressure during pregnancy. In women with 
severe reflux nephropathy, most pregnancies are compli- 
cated. Female patients with renal scarring should be 
followed carefully into adulthood and through the reproduc- 
tive period. 


Imaging 


The traditional examinations used during the 1970s and the 
1980s were intravenous urography and VCU (Table 23.2). 
Since pyelonephritic renal scarring is a slow process it usually 
takes |—2 years until a scar becomes visible on urography.** 
This means that urography is often inconclusive as a primary 
tool for risk evaluation. Since the presence of VUR was a 
well-known risk factor it is easy to understand why VCU 
became a standard screening test to identify children at risk. 
With the development of new techniques, renal involvement 
is visualized directly by DMSA scintigraphy.” VCU may no 
longer be needed as a screening test. In a retrospective analy- 
sis we suggested that DMSA scintigraphy may replace VCU as 
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Table 23.2 Policy for investigation after childhood UTI 
over time 


1970-1980s Urography, VCU 

1990s Ultrasound, VCU, DMSA scintigraphy 
2000s Ultrasound, DMSA scintigraphy 
Future ? 


part of the primary work-up of children with UTI.'' There 
were seven children who had a normal DMSA scan despite 
dilating VUR. All these seven children had VUR grade III and 
the follow-up was uneventful without recurrent UTI and with 
spontaneous regression of VUR. Based on these results, it 
can be argued that with a normal DMSA scintigraphy, VCU is 
not necessary. Such a policy has also been proposed by other 
authors previously. However, this may be controversial 
since some authors claim that VUR should be looked for in all 
children with UTI irrespective of age or character of infection. 
Others advocate a more selective approach such as perform- 
ing VCU in all infants with UTI but not in older children. We 
are now addressing this issue in a prospective study aimed at 
a simple and straightforward model. 

In a recent paper, Hoberman et al argue for a radical 
change of policy for investigating children with UTI but with a 
completely different approach.® Their opinion is that renal 
ultrasonography and renal scanning at the time of the acute 
illness are of limited value, because they do not provide 
information that modifies management. This is based on 
the assumption that ultrasound is performed during late 
pregnancy (gestational weeks 30-32) so that significant 
abnormal findings will be identified prenatally. The use of 
VCU to identify children with VUR was recommended under 
the so far unproven assumption that continuous prophylactic 
antimicrobial therapy is effective in reducing the incidence of 
reinfection and renal scarring. However, prenatal ultrasound 
during late pregnancy is not a routine investigation in many 
parts of the world including Sweden. Another weakness is 
that the study was not designed to answer general questions 
about indications for various imaging techniques. The most 
severe objection concerns selection of patients; children with 
Gram-positive bacteria, i.e. risk patients (my comment), were 
excluded, as were patients <| month of age, severely ill 
children and also those with abnormalities of the urinary tract. 


Conclusions 


UTI is common in infants and children. A protocol for recom- 
mended investigations after UTI should be adjusted to local 
traditions and available resources. The timing of investigations 
also depends on several factors such as clinical presentation, 
age, response to treatment, type of bacteria and also on the 
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availability of and experience in various imaging techniques. 
The challenge today is to find a simple and safe model for the 
primary work-up of all children with UTI including infants. 
Our recommendation in Göteborg today is to have a detailed 
family history (urinary tract abnormalities or reflux), an ultra- 
sound and DMSA scintigraphy. The significance of VUR has 
been confirmed in several ways such as increased risk of renal 
damage, increased susceptibility to microorganisms with low 
virulence, and increased risk of recurrent infections. VCU is 
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open pyeloplasty 53 (QUIPSS) 182 
ordered-subsets expectation maximization (OSEM) algorithm 197 
'°|-ortho-iodohippurate (OIH) 3 radionuclide cystogram in urinary tract infection 
'5'|_ortho-iodohippurate (OIH) 3 direct 224-5 
output efficiency (OE) 105, 107 indirect 226 
renal artery stenosis (RAS) 37, 61, 133 
p-aminohippuric acid (PAH) clearance 3, 128 anatomical consequences |4|—4 
parenteral nutrition, GFR in 6 angiotensin converting enzyme (ACE) inhibition |52 
Patlak plot graphic analysis 61 CT angiography 138-9 
see also Rutland-Patlak Doppler US 134-8, 141-2 
pelvi-ureteric junction see uretero-pelvic junction haemodynamic consequences |4|—4 
pelvic excretion efficiency (PEE) 105, 107 intra-arterial digital subtraction angiography (IADSA) |33-4 
percutaneous nephrostomy 55 MR angiography 139-40, 141, 142 
percutaneous transluminal renal angioplasty (PTRA) 149 radiological detection |33—4| 
peripelvic cyst 58 receiver-operating characteristic (ROC) curves 141 
peripheral plasma renin renography 130 renal function |43—4 
phleboliths, pelvic 57, 59 resistive index |36 
picric-acid-Jaffe reaction 13 strategy |44 
Picture Archiving Computerized System (PACS) 96 renal biopsy 39 
plasma disappearance curve 42 renal perfusion | 77-82 
positron emission tomography 197-208 application |82 
angiotensin converting enzyme 202-3 blood flow 166 
angiotensin receptors 203 continuous labelling 182 
animal studies 204—6 contrast agents, without 181-2 
C-| | acetate 200-1 contrast-enhanced dynamic studies | 77—80 
copper-PTSM 200 contrast-enhanced steady-state studies |80 
arnesyl protein transferase (FPT) 203 EBCT 166 
unctional imaging | 98—200 positron emission tomography 198-200 
glomerular filtration 200 pulsed labelling 182 
hybrid positron emission tomography/CT imaging 197 renal pH imaging 190 
hypertension and 206-7 renal plasma flow (RPF), drawbacks in measuring 19 
image acquisition and processing 197 renal sodium imaging |90 
imaging devices |97 renal vein renin sampling 130 
imaging receptor regulation 206 renin-angiotensin (RAS) in obstruction see obstruction 
imaging targets 197-8 reno-aortic velocity ratio (RAR) 134 
metabolism 200-2 renography 
microsphere model |199 in acute obstruction 5 
molecular imaging targets 202-7 in children 84, 103-7 
N-13 ammonia 200 in renovascular disease 128, 130 
O-15 water 198-9 in upper tract obstruction 67-8 
radioligand development 204 see also diuresis renography 
renal blood flow 198 renovascular disease (RVD) | 33-44 
in renovascular hypertension 130-1 ACE inhibition renography in 149-61 
requirements in renal imaging 207-8 atrial natriuretic factor 130 


rubidium-82 (Rb-82) 199-200 CT angiography 129-30, 138 


false-positive rate |28—-9 

Howard test 128 

imaging developments 127-3 | 

inulin clearance |28 

VP 127-8 

magnetic resonance angiography |29 

multicentric studies 150-1 

positron emission tomography 130-1, 206-7 
radiological modalities |33—47 

renovascular hypertension see renovascular disease 

resistive index (RI) 96, 143 

retrograde endopyelotomy 53 

retroperitoneal fibrosis 58 

rubidium-82 (Rb-82) in positron emission tomography |99-200 

Russell's one-sample method 24, 32-3 

Russell's two-sample method 23, 32 


Rutland—Patlak model 105, 184-5 
see also Patlak 
Schwartz equation 4, 5, 6, 14, 35, 45 


single blood sample clearance in children 32-3 
single kidney glomerular filtration rate (SKGFR) 
and magnetic resonance |84—5 
see also glomerular filtration rate (GFR) 
sinistrin 43 
slope-intercept method in children 32, 33 
slope method in children 33 
small particles of iron oxide (SPIO) 191 
sodium-dependent glucose transporters (SGLTs) in positron 
emission tomography 201-2 
sonocystography 97 
SPECT in urinary tract infection 227-8 
statin C 16 
sugar analogues in positron emission tomography 201-2 
suprapubic cystography in urinary tract infection 226 
systemic lupus erythematosus 6 


TGF-B 1 as marker of fibrosis 84, 85 
time—density curve (TDC) | 66 
3D-TONE acquisition 139 
transmission maps 25 
transplantation 
heart 39 
kidney 6, 39 
liver 39 
trimethoprim 45 
tubular function 3, 19, 31, 37, 186 
electron beam CT and 168-9 
intratubular concentration of diffusible Gd chelate (T2 effect) 
86 
ntratubular transit of macromolecular Gd chelate (T| effect) 
86-7 


ultrafiltration 41 
ultra-small particles of iron oxide (USPIO) 63, 175, 
ultrasound 58—9 

anatomical evaluation 58 

asymmetric ureteric jets 59 

fetal 84, 214 

functional evaluation 59 

hydronephrosis 91-2, 96, 100 
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increased resistive index 59 
obstruction 64 
prenatal 100 
uretero-pelvic junction (UPJ) obstruction 84 
urinary tract infection 214, 215, 217-20, 223, 237, 238 
see also Doppler ultrasound 
unilateral ureteric obstruction (UUO) 54, 55 
uninverted FAIR (UNFAIR) 182 
ureter 
duplicated 94 
ectopic 94 
obstruction, unilateral 37 
ureterocele 94 
uretero-pelvic junction (UPJ) obstruction 53, 54, 62, 76-7, 
83-7, 92-3 
balloon dilatation 53 
biological markers 85 
case studies 87-8 
conservative treatment 85-7 
definition of obstruction 85, 107 
early surgery 86 
fetal ultrasonography 84 
impact of renography in children 109-10 
initial diagnosis 85 
in neonates 83 
prediction of deterioration 85 
pressure and flow measurements 84 
progressive hydronephrosis |20—| 
risks of nonsurgical attitude 85-6 
role of medical imaging in 83-4 
ureterovesical junction (UV]) (megaureter) obstruction 93-4 
urethral prolapse 94 
urinary clearance 20-1 
bolus-injection, urinary clearance 2| 
continuous-infusion, urinary clearance 2| 
endogenous markers 42 
exogenous markers 42 
standard urinary clearance in children 42 
urinary tract infection (UTI) in children 35 
computed tomography 221 
congenital and acquired renal damage 236 
detection of scarring 22| 
direct radionuclide cystogram 224-5 
DMSA scan 215, 217, 221, 223, 226-31, 234, 237, 238 
epidemiology 233 
hypertension and 213, 237 
imaging objectives 217 
and impairment of renal function 236-7 
indirect radionuclide cystogram 226 
intravenous urography 237 
ong term complications 236—7 
magnetic resonance 22| 
CUG 215, 217 
pathogenesis of renal damage 236 
pre-eclampsia and 213 
pregnancy complications 237 
prenatal ultrasound diagnosis 214 
renal failure 213 
selection for investigation 213-14, 217, 233-4 
SPECT 227-8 
suprapubic cystography 226 
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urinary tract infection (UTI) in children (cont.) vs recurrences of UTI 235 

timing of imaging 214-15 vs renal damage 234 

ultrasound 215, 217-20, 223, 237-8 spontaneous resolution 234 

vesicoureteric reflux (VUR) in 214, 219-20, 223-4, 225, 226, in urinary tract infection 214, 223-4, 225, 226, 234-6 

234-6 videodensitometry |65 
voiding cystourethrography (VCUG) 220-1, 237 1,25 vitamin D | | 
voiding cystourethrography (VCUG) in hydronephrosis 96, 97, 

velocity—time curves |42 100 
vesico-ureteral reflux (VUR) 92, 93, 94 in childhood urinary tract infection 220-1, 237 


vs bacterial species 235 
management 235-6 Whitaker test 61, | 17 


